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Abstract 
Emission and dispersal of bioaerosols from industrial green waste 
composting facilities is of increasing public health concern, with previous research 
linking prolonged bioaerosol exposure to negative health impacts for on-site 
operations personnel and proximal residential populations. With urban and peri-
urban development encroaching on composting facilities, there is a need for 
standardised operating procedures using compost-associated microbial indicators to 
monitor the extent of bioaerosol dispersal and potential presence of associated toxic 
metabolites.  
 
 A monitoring programme was implemented to assess suitability of potential 
microbial bioaerosol indicators during a study of impacts of season, meteorological 
conditions and degree of and operational activity on composting operational activity 
and bioaerosol dispersal from two industrial green waste composting facilities in 
Swanbank, Queensland, Australia. Samples of measurements of potential compost-
associated bioaerosol indicators Thermoactinomycetes and Aspergillus fumigatus 
(including the presence/absence of aflatoxin-producing Aspergillus spp.) and the 
more general total fungi, bacteria and coliform bioaerosol indicators were collected 
using the direct agar impaction technique. The impacts of meteorological conditions, 
seasonal-related factors and composting operational activities on these bioaerosols 
were also studied.  
 
Bioaerosol concentrations were up to 100-fold higher within composting 
facility boundaries (≤ 0.5 km from compost) compared to background levels. An 
inverse relationship between bioaerosol concentration and increasing distance from 
control (< 10 m downwind of area of high operational activity) was evident for all 
indicators except total fungi; returning background values or below by 
approximately 1 km from control. Concentrations above respective upwind sites, and 
similar to control levels, were detected at distances between 0.25 – 1 km for A. 
fumigatus and Thermoactinomycetes, were related to fluctuations in meteorological 
conditions and emissions from other proximal composting facilities operations. 
Aflatoxin producing Aspergillus spp. were detected in compost-associated 
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bioaerosols at each composting facility, but rarely at distances > 0.5 km from 
control.  
  
 Thermoactinomycetes and A. fumigatus were assessed as presenting the best 
potential as compost-associated bioaerosol microbiological indicators for monitoring 
at industrial green waste composting facilities. This was based on respective 
dispersal patterns, sensitivity of organisms as compost-associated indicators, and 
practicability of associated analytical logistics. Bioaerosol concentrations exceeded 
current human health threshold limit values (TLV’s) at the majority (≥ 75%) of 
sampling locations, indicating potential health risks, as well as need for source 
mitigation in relation to urban development near industrial composting facilities. The 
findings of this research highlight the need for monitoring of bioaerosol levels near, 
and/or dispersed from, such operations using these compost-associated bioaerosol 
indicators. Additionally, the results and conclusions provide a case for development 
of an Australian standard procedure for monitoring bioaerosol emissions from 
industrial composting facilities. 
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Chapter 1: Introduction 
1.1 Background 
Despite ongoing research into bioaerosol emission, dispersion and potential 
negative health effects on the surrounding public from industrial green waste 
composting facilities, significant gaps in literature remain. With no standard 
operating procedure (SOP) for measuring bioaerosol emission and dispersal from 
industrial waste facilities, comparisons with previous studies by other researchers are 
difficult primarily due to the different sampling and enumeration methods used. With 
the expansion of compost as a primary waste treatment for biodegradable waste, and 
encroaching urban development a continuing threat to proximal industrial green 
waste compost facilities, knowledge of the extent of bioaerosol dispersal is essential 
to inform industrial workers and the public in surrounding areas of the potential 
health hazards. By providing baseline bioaerosol dispersal data, Occupational Health 
and Safety (OH&S) regulations can be scientifically informed at specific composting 
facilities, with the inclusion of a recommended standard monitoring procedure using 
optimal microbial indicators.  
With associated health risks of microorganisms present in compost, 
preventative steps may be required to provide a safe composting environment. 
Compost-associated microorganisms and/or particulate matter can have negative 
impacts on public health. Such microbes include members of the genus Aspergillus 
(A. fumigatus, A. flavus, A. parasiticus)-known opportunistic pathogens and 
mycotoxin producers-and thermophilic actinomycetes (Thermoactinomycetes). 
Prolonged inhalation of Thermoactinomycetes is associated with development of 
allergies and hypersensitivity pneumonitis. Limited information exists regarding 
prolonged bioaerosol exposure above natural background levels with dose-
relationship responses yet to be fully described, but correlations known between 
species and disease or allergenicity. 
Direct comparisons of previous published bioaerosol data are difficult due to 
the variety of sampling methods employed; including facilities locality, composting 
system (type of waste and method) and localised meteorological patterns. Disparity 
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of selected compost-associated bioaerosol indicators and sample analysis further 
complicates data analysis. With no standardised method for measuring bioaerosols at 
industrial green waste composting facilities, an initial methodological strategy to 
critically analyse previous studies contributing to bioaerosol research was performed. 
Chapter 2 provides an analysis of compost, bioaerosol composition, emission and 
dispersal, lack of associated health guidelines, and a review of potential and general 
compost-associated indicators. The following three aims and seven objectives of the 
experimental work described in this thesis are:  
 
AIM 1:  Construct a methodology to measure bioaerosol emission and 
dispersal from two industrial green waste composting facilities in 
Swanbank, Ipswich, Queensland, Australia. 
Objective 1:  Determine optimal compost-associated indicators for 
bioaerosol monitoring at industrial green waste compost 
facilities. 
Objective 2:  Determine the most appropriate sampling strategy and data 
analysis for future bioaerosol sampling  
 
AIM 2:  Determine the extent of bioaerosol emission and dispersion from two 
  industrial green waste composting facilities in Swanbank, Ipswich, 
   Queensland Australia. 
 
Objective 3: Compare seasonal fluctuations of bioaerosol concentrations 
using  several potential and general compost-associated 
indicators. 
Objective 4:  Compare the dissemination of bioaerosol concentrations to 
the outer areas of composting facilities 
 
AIM 3: Determine the potential risk to urban  developments proximal 
to industrial green waste composting facilities. 
 
Objective 5: Compare bioaerosol concentrations and background values at 
   increased distance from the facility.  
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Objective 6: Compare bioaerosol concentration with proposed guidelines 
   (OEL/TVL’s) for composting facilities.  
Objective 7: Determine the presence/absence of aflatoxin-producing 
Aspergillus spp. 
1.2 Experimental approach 
A monitoring programme was implemented to measure bioaerosol 
concentrations and presence of aflatoxin-producing Aspergillus spp. at background 
(upwind), on-site and at predetermined distances downwind from two industrial 
green waste compositing facilities located in Swanbank, a suburb of Ipswich in the 
state of Queensland, Australia. The potential compost-associated bioaerosol 
indicators A. fumigatus and Thermoactinomycetes, as well as more general 
microbiological indicators such as total culturable bacteria, total culturable fungi and 
total, were quantified. The novel application of fluorescence for detecting the 
presence of aflatoxin-producing Aspergillus spp. in bioaerosol monitoring at 
industrial green waste composting facilities was also incorporated for the first time to 
our knowledge. Effects of meteorological conditions, seasons and composting 
operational activities on bioaerosol dispersal were also investigated.  
1.3 Limitations 
The research project was subject to limitations., These included the substantial 
temporal and spatial variability of bioaerosols in natural environments, with 
concentrations and composition affected by a variety of factors. . Additional weather 
constraints could lead to sampling in non-ideal meteorological conditions (e.g. 
sampling within seven days of rain). 
1.4 Thesis structure  
The following research is structured as follows: Chapter 2 provides a critical 
review of the literature, identifying knowledge gaps, and from which the rationale, 
aims and objectives of the experiments are derived. Chapter 3 presents the methods 
used to determine the emission and dispersal of bioaerosols from two industrial green 
waste composting facilities using several potential and more general compost-
associated indicators. Chapter 4 details the experimental results obtained, followed 
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by a discussion of data (Chapter 5) and their potential impact on the surrounding 
population. Chapter 6 presents the summary of findings and concluding remarks. 
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Chapter 2: Literature Review 
2.1 Introduction 
 Until the mid-1990’s, land fill and incineration were the primary methods of solid 
waste disposal (Pillai, 2007). However, due to rising financial costs and greater public 
interest in recycling, alternative solid waste disposal methods such as biosolid and 
composting applications have increased (Pillai & Ricke, 2002).  In Queensland, over 1.7 
million tonnes of raw material is processed annually; with the largest quantities of organic 
material representing biosolids (490,000 t), garden wastes (337,000 t) and manures (304,000 
t) (Department of Environmental and Resource Management, 2010). 
 
 In accordance with Queensland legislation 1998 No. 29 (Environmental Protection 
Act 1994), a compost facility must be operated in a responsible manner to safeguard public 
health and the environment. The principal concern is the emission and dispersal of 
bioaerosols arising from the composting process (Taha, Drew, Longhurst, Smith, & Pollard, 
2006). Bioaerosols emitted from composting consist predominately of fungi, bacteria and 
actinomycetes (Huang et al., 2010; Swan, Kelsey, Crook, & Gilbert, 2003). These 
microorganisms can produce adverse health effects on employees and surrounding 
populations (Drew et al., 2006; Swan, et al., 2003; Millner, 1995; Millner et al., 1994). With 
urban and peri-urban development encroaching on proximal composting facilities, there is a 
need for baseline bioaerosol monitoring programmes to assess levels and range of 
concentrations. Compost-associated indicator microorganisms are used to determine potential  
bioaerosol dissemination and potential health risks to the surrounding residents (Drew, 
Jordinson, Smith, & Pollard, 2009; Tilley, 1997). Previous studies indicate that compost-
associated bioaerosols can be detected at distances > 0.5 km from point source depending on 
meteorological conditions (Albrecht, Fischer, Brunnemann-Stubbe, Jäckel, & Kämpfer, 2008; 
Recer, Browne, Horn, Hill, & Boehler, 2001). 
 
  This review examines the composting process and the generation and dispersal of 
bioaerosols, including compost-associated bioaerosols, associated health risks and highlights 
the lack of appropriate guidelines for bioaerosol management. 
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2.2 What is compost? 
 Composting is an aerobic process whereby organic waste matter undergoes 
microbiological transformation into a nutrient rich humus or compost; that can be used for 
domestic application in mulches and other soil amendments (Epstein, 2005; Liang, Das, & 
McClendon, 2003). It can also be used to render previous hazardous, toxic and carcinogenic 
waste harmless, making it a more viable and desirable form of sustainable waste 
management. End products range from garden mulches to soil enhancers to potting mixes and 
even garden pest management products (Belyaeva & Haynes, 2010).  
2.3 Microorganisms in composting 
 Degradation of organic waste is initiated by the diverse community of 
microorganisms present in the waste itself and environment; predominately bacteria, 
including actinomycetes, as well as fungi. (Schuchardt, 2005; Millner, 1995). The differing 
levels of these microorganisms throughout the composting process are dependent on the 
specific compost phase: mesophilic, thermophilic, cooling or curing (Fig. 2-1) (Hassen et al., 
2001). 
 
 The mesophilic stage is the initial composting phase with a duration of one to two 
days. Mesophilic bacteria and fungi proliferate, raising the temperature of organic waste to 
around 44oC by degrading the primary available nutrients. Once the temperature > 44oC, 
these organisms are inhibited with only heat-resistant spores surviving and the thermophilic 
phase of composting commences (Schuchardt, 2005; Beffa et al., 1998).  
 
 The thermophilic phase lasts a few days to weeks. Temperatures can reach up to 70oC 
due to increased heterotrophic microbial activity and is characterised by thermophilic 
populations of actinomycetes, fungi and some bacterial species (e.g. Bacillus spp.). These 
help to break down organic wastes such as starch, pectin and sugars. The optimum 
temperature for these microorganisms lies between 50oC and 65oC (Brinton, Storms, & 
Blewett, 2009; Kutzner, 2000).  
 
 The cooling phase is influenced by reduced nutrient availability causing microbial 
activity and heat output to decline. This allows surviving mesophilic bacteria, including 
actinomycetes, to flourish (Ryckeboer, Mergaert, Coosemans, Deprins, & Swings, 2003; 
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Hassen, et al., 2001). These degrade the remaining resistant organic material combined with 
the humus, such as hemicellulose, cellulose and lignin. Fungi are generally absent in 
composting above temperatures of 60oC.  However, fungi recolonise in later stages as 
spores/conidia that can withstand heat from earlier compost phases and have the ability to 
degrade those lignin and waxy molecules resistant to bacterial degradation (Huang, et al., 
2010). 
 
 The final stage is the curing phase/maturing stage, in which the compost matures. 
This process aids in the destruction of pathogenic microorganisms (Gabhane et al., 2012). 
This can vary from four weeks to three months depending on the industrial system. 
 
 
Figure 2-1. Graph of composting phases with respective temperatures and times (Tuomela et 
al., 2000). 
2.4 Composting parameters 
 Optimum growth conditions for the diverse community of microorganisms found 
during composting rely on several key physiochemical and biological parameters.  These 
include oxygen (O2), temperature, moisture, carbon (C) to nitrogen (N) ratio (nutrient 
balance), and pH (Liang, et al., 2003; Kutzner, 2000).  
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 The availability of oxygen throughout the decomposition process is crucial for 
aerobic respiration. This includes the oxidation of organic matter and removal of excess 
water and heat. Continuous aeration is achieved by physical turning of material or forced 
aeration, minimising anaerobic conditions and the associated production of foul smelling 
odours caused by volatile fatty acids and sulphides (Wang et al., 2007; Leton & Stentiford, 
1990; De Bertoldi, Vallini, & Pera, 1983).  
 
 A compost moisture level of 40 - 60% is optimum for efficient composting. A 
moisture content > 70% can produce anaerobic conditions (Liang, et al., 2003). On the other 
hand, insufficient moisture will limit microbial cell activity and cause dehydration. This will 
slow or halt microbial respiration leading to a biologically unstable end product (Petric, 
Šestan, & Šestan, 2009).  
 
 Compost production is also influenced by the proportion of C to N present within the 
waste. A carbon-nitrogen ratio (C:N) of 30:1 is considered optimal for initiating the 
composting process, falling to 10:1 as composting progresses (Kutzner, 2000). 
Microorganisms use C for energy and growth and N for protein and nucleic acid synthesis.  
Variations in the concentration of either element can influence microbial growth rate and 
activities (Zhu, 2007).  Excess C (high C:N ratio) decreases biological activity, whereas 
excess N (low C:N ratio) is lost through formation and emission of ammonia gas (Kumar, 
2011). 
 
 As discussed above, temperature is an essential factor in composting efficiency by 
influencing microbial and controlling microbial population structure throughout the various 
composting phases (Swan, et al., 2003). Microbial growth is also dependant on pH, which is 
closely linked to temperature fluctuations during composting. In addition, pH is a useful 
indicator in detecting deviations from normal operational parameters (Jiménez & García, 
1991). Optimum values are between 5.5 and 8.0, with fungi preferring more acidic, and 
bacteria preferring more neutral conditions (Sundberg, Smårs, & Jönsson, 2004; De Bertoldi, 
et al., 1983).  
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2.5 Composting systems 
 Most industrial composting systems are based on the schematic shown in Fig. 2-2. 
Successful systems rely on their ability to supply the microbial community with essential 
elements for optimum decomposition: oxygen, nutrients, moisture and temperature (Kumar, 
Ou, & Lin, 2010).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2. Schematic showing basic components of industrial composting systems. 
 
2.5.1 Industrial composting systems  
 There are several large scale industrial composting systems: including the windrow, 
aerated static pile and enclosed (in-vessel) systems (Rynk & Richard, 2001).  
 
 The windrow system involves stockpiling organic matter or waste material into open-
aired, long parallel rows (Fig. 2-3A). These are agitated and turned on a regular basis to 
maintain optimum temperature and enhance passively aerated conditions. If required, water is 
added to maintain moisture (Amlinger, Peyr, & Cuhls, 2008). Windrow height, length and 
width are usually limited by the size of the composting pad and equipment used to separate 
the material. A windrow system of two by four metres can often complete composting in less 
than 10 weeks, with an additional four weeks for maturation. This system is the most 
commonly employed method due to its low capital cost and versatility (Kumar, 2011; 
EarthLink and Advanced Resources Development, 2004). 
 
 Aerated static pile systems involve piles of organic matter typically covered with 
mature compost to reduce odours and maintain desired internal temperature (Fig. 2-3B). A 
Controlled 
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(mixing) 
Organic Compost 
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network of pipes is used to aerate the pile using blowers, air diffusers or fans. Air can be 
provided either by positive pressure, by forcing air through the pile, or with negative pressure 
where air is drawn through the pile. Forced aeration can be continuous or controlled: with an 
oxygen level of 5 - 15% resulting in optimum aerobic composting conditions (Rynk, et al., 
2001; Leton, et al., 1990). This system is commonly used where little land is available, or 
where expansion of operations is restricted due to surrounding urban development or other 
conditions (Taha, et al., 2006).  
 
 Enclosed (in-vessel) systems perform composting in an enclosed environment. 
Control of composting key parameters are maintained by forced aeration through a reactor 
(Fig. 2-3C).  Enclosed systems designs are either silo or agitated bed types; silo allows 
compost material to move with gravity down to the base of the vessel, also known as “plug-
flow”. Agitated-bed type consists of rows of rectangular beds and rotating machines that mix 
the compost (Rynk, et al., 2001). Enclosed systems have a greater level of process and odour 
control; require a smaller footprint and produce a final product more rapidly compared to 
other systems. Organic matter commonly spends two weeks within the silo/vessel and an 
additional five to six weeks for maturation (Plana, Mato, Aguilera, & Artola, 2001). 
Although the enclosed vessel system is the least labour intensive, its high running costs 
designate its use for high-end, high-quality products only (Schuchardt, 2005; Turovskiy & 
Mathai, 2005; Swan, et al., 2003). 
 
 
 
 
 
 
 
 
 
Figure 2-3. Industrial composting systems: windrow system (A), aerated static pile system 
(B) and enclosed (in vessel) system (C). 
 
Air Air 
Air Air 
Compost 
Waste 
Mixing 
Mixing 
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A B C 
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2.5.2 Physical processes 
 Transformation of raw material into a final composted product also involves several 
physical processes. These include shredding, turning, screening, and loading/unloading of 
material.  
 
 Organic material, such as tree branches, tends to be irregularly shaped. Although 
large particles can be shredded, introducing smaller pieces helps to accelerate the 
decomposition rate during composting by increasing contact surface area and associated 
microbial activity (Taha, 2005). The most desirable particle size for composting is less than 5 
cm, and is achieved through the use of shredders, grinders or chippers (EarthLink and 
Advanced Resources Development, 2004). 
 
 To maintain optimum aeration and temperature, the turning or agitation of piles is 
crucial, and is completed when the core temperature of the pile reaches 55oC (Kumar, 2011). 
The aim is to increase air exchange and cooling throughout the pile. In the windrow system 
this is achieved by agitation, where the outer material is repositioned into the centre of the 
pile. Agitation may be achieved via different mechanisms dependent on machinery, either by 
turners or front loaders (Taha, 2005). 
 
 Screening occurs following compost maturation and sieving, which separates topsoil, 
compost and green waste-type products (Bardos, 2005). Screening can also be carried out on 
newly delivered waste to remove any contaminants or debris, such as unwanted rocks and 
plastic (Das, Smith, Gattie, & Hale Boothe, 2002). The most common method is the trommel 
screen, featuring a direct open-feed hopper with a large rotating trommel drum and a rotating 
brush at the top of the screen to unclog the sieve (Richard, 1992). Unloading of organic waste 
usually takes place at an enclosed depression pit below ground level to preventing unwanted 
(bio)aerosol and particulate dispersion throughout the facility (Taha, 2005).  
2.6 Bioaerosols 
Bioaerosols may be defined as aerosols containing particles of biological origin or 
activity which may affect humans through infectivity and/or allergenicity (Hirst, 1995). In an 
occupational environment this refers to the presence of pathogenic and non-pathogenic 
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microorganisms, that can cause allergic or inflammatory responses in certain individuals 
through ingestion or inhalation (Douwes, Thorne, Pearce, & Heederik, 2003). In terms of 
health risks, bioaerosols or particular matter (PM) are usually defined by size, with the most 
commonly quoted PM 10 (particles ≤ 10 µm in diameter) and PM 2.5 (particles ≤ 2.5 µm in 
diameter). Release of bioaerosols can occur at any process point from waste receipt to end 
product transport (Taha, Pollard, Sarkar, & Longhurst, 2004). Bioaerosol release is most 
prevalent from open-air windrow composting, with continuous release throughout the 
composting process. As previously outlined these bioaerosols may contain potential 
pathogens if composting temperatures do not exceed 55oC (Sánchez-Monedero & Stentiford, 
2003).  
2.7 Properties of compost associated bioaerosols   
 Microbial populations contained in bioaerosols can vary in size, composition and 
concentration. They may be present as single cells, aggregates of cells, spores of 
actinomycetes and fungi, endotoxins and mycotoxins (Christensen, 2009; Pillai, et al., 2002). 
In relation to compost there is a high probability of bioaerosols being attached to green 
waste; e.g. microscopic wood fibres (Douwes, et al., 2003).  
 
 A compost-associated bioaerosol can range from less than 1 μm to 100 μm in size, 
and are typically comprised of bacteria, fungi and viruses (Pillai, 2007; Vincent, 2007).  A 
size comparison is illustrated in Fig. 2-4.  
 
Microorganisms size from compost 
in microns (µm) 
< 0.05 0.1 0.25 0.5 1 2 5 10 20 40 > 50 
 
                    
 
Figure 2-4. Comparison of size of microorganisms from compost in microns (Christensen, 
2009; Pillai, 2007). 
VIRUS
BACTERIA 
FUNGI 
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2.8 Biological properties of microbial components of compost bioaerosols 
 To understand the potential health hazards associated with compost bioaerosols it is 
important to examine the biological properties of their microbial components. The 
microorganisms concerned are predominately bacteria, fungi, actinomycetes and viruses 
combined with microbial products, endotoxins and mycotoxins (Byeon, Park, Yoon, Park, & 
Hwang, 2008; Lavoie, Dunkerley, Kosatsky, & Dufresne, 2006; Millner, 1995; Millner, et 
al., 1994).   
2.8.1  Bacteria 
Bacteria range from 0.3 - 100 µm in diameter (Fig. 2-4) and are naturally occurring in 
the environment. They can be divided into two groups: Gram-negative bacteria and Gram-
positive bacteria, dependent on their respective cell wall structure and whether or not they 
retain crystal violet stain. 
 Gram-positive bacteria 
 Gram-positive have a very thick convoluted cell wall making them more resilient to 
environmental stressors and more persistent in dry environments (Tang et al., 2010). They 
reside in both animal and plant by-products and are able to survive the adverse conditions of 
composting and therefore can predominate in compost-associated bioaerosols (Plana, et al., 
2001). 
 
 Actinomycetes are a major component of bioaerosols discharged from composting 
facilities, and are the dominant bacteria isolated from compost (Taha et al., 2007). These are 
a group of filamentous Gram-positive bacteria which can resemble fungi because they can 
grow on solid substances, and produce mycelia and spores (Lacey, 1997). Actinomycetes 
produce spores by fragmentation or endogenous spore formation, via the subdivision of 
hyphae. Different species of actinomycetes predominate during different composting phases. 
Mesophilic actinomycetes grow between 20 – 50oC and thermophilic actinomycetes between 
30 - 60oC (Taha, et al., 2007; Swan, et al., 2003). Concentrations adjacent to composting 
activities have been reported to reach 5 x 104 CFU/m3 (Lacey, 1997).  
 
 The genus Thermoactinomycetes are of specific interest in compost-associated 
bioaerosols. Members are found in the later stages of composting at higher temperatures (> 
50oC) in self-heating moisture-rich compost, and therefore been suggested as compost-
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specific indicator organisms (Le Goff, Bru Adan, Bacheley, Godon, & Wéry, 2010). They 
produce short chains of spherical spores, prolonged inhalation of which contributes to 
development of allergies, and hypersensitivity pneumonitis such as farmer’s lung (Selman, 
Carrillo, Navarro, & Gaxiola, 2009). To date no dose-relationship has been defined. 
 
 Gram-negative bacteria  
 Bioaerosols comprised of Gram-negative, rod shaped bacteria are the by-products of 
animal waste. Escherichia coli the major thermotolerant faecal coliform bacterium is found in 
both human and animal faeces and is used as an indicator of faecal contamination and human 
health risk of recreational and drinking waters, as well as to assess food (Brinton, et al., 
2009).  
 
 The presence of coliform bacteria in compost and compost associated bioaerosols is 
an indication of sewage contamination. Those containing animal or human waste are more 
likely to contain coliform bacteria. Even green waste can be contaminated by animal faeces 
(Jones & Martin, 2003). High temperatures in the later stages of composting destroy coliform 
bacteria, however inadequate aeration or temperature control, or insufficient turning of the 
pile can lead to their survival (Swan, et al., 2003). Gram-negative bacteria associated with 
compost and bioaerosols are of particular significance due to their ability to disseminate 
harmful endotoxins (Epstein, 2005; Schuchardt, 2005).  
 
2.8.2  Endotoxins 
 Endotoxins are lipopolysaccharides (LPS), a cell wall constituent in Gram-negative 
bacteria with strong pro-inflammatory responses (Szponar & Larsson, 2001). Endotoxins are 
released with active bacterial growth or cell death, released as free form or as a complex of 
LPS from the outer membrane (Heumann & Roger, 2002). Health effects are greatly 
dependent on factors such as, the health of the individual, the route of exposure, and dose. 
Endotoxin inhalation can lead to short term flu-like symptoms and later to inflammatory 
conditions, such as chronic pulmonary disease and chronic bronchitis, that can result in 
reduced lung function (Swan, et al., 2003; Goyer, Lavoie, Lazure, & Marchand, 2001). 
Endotoxin exposure at waste and compost industries attributes to acute flu-like symptoms 
including fever and restricted breathing (Douwes et al., 2000). Inhalation studies have shown 
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decreased lung function after 30 min. with 80 µg LPS in healthy individuals and 20 µg LPS 
in asthmatics (Michel, Duchateau, & Sergysels, 1989). Environmental endotoxins are 
measured in Endotoxin Units per m3 (EU/m3), where 10 EU equals approximately 1 ng 
endotoxin/m3 of solution (chemical measurement). Recommended endotoxin occupational 
exposure standards range between 50 - 200 EU (approx. 5 - 20 ng/m3) for inhalable dust 
(Swan, et al., 2003).  
 
2.8.3  Fungi  
 Fungi and moulds are widely distributed in the environment and perform an essential 
role in the degradation of organic material. They recycle organic waste by breaking down 
organic structures; particularly bulk recalcitrant plant materials such as lignocellulose. Many 
species produce abundant spores through fruiting bodies and are then aerosolised, a major 
mechanism of fungal dispersion (Huang, et al., 2010; Eaton, 2004). 
 
 A prominent fungus in composting is Aspergillus spp. an ubiquitous fungus that plays 
a vital role in carbon and nitrogen recycling in composting, due to its ability to degrade 
cellulose (Swan, et al., 2003). It is also known for production of mycotoxins (see Mycotoxins 
2.8.3). Its optimum growth temperature is 37oC with rapid growth between 30 - 50oC. A. 
fumigatus is a well-known opportunistic organism, infecting the immune-compromised 
(Abbas et al., 2004a; Allmers, Huber, & Baur, 2000). Aspergillus conidia of 2 - 3 µm in 
diameter are readily aerosolised, and when inhaled into the alveoli of the lung can weaken the 
immune system, invade lung tissue and germinate mycelia causing the serious disease 
aspergillosis (Rhodes, 2006; Swan, et al., 2003). Aspergillus spp. related infections or disease 
are dependent on the immune system of the host making a dose-relationship hard to define. 
The UK Environmental Agency (EA) suggests a guidance value of no greater than 500 
CFU/m3 for occupational exposure to A. fumigatus (Table 2-2).  
 
2.8.4  Mycotoxins 
 Mycotoxins are toxic compounds formed by fungi, produced to compete against other 
fungi or bacteria (Fung & Hughson, 2003). In compost bioaerosols, these can be excreted by 
fungi onto the particulate or be present in spores/conidia (Fischer & Dott, 2003). Mycotoxins 
are reported to be both mutagenic and hepatocarcinogenic (liver cancer) (Domingo & Nadal, 
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2009). A. fumigatus produces the mycotoxin gliotoxin, an immunosuppressant (Stanzani et 
al., 2005).  Previous bioaerosol studies found little or no production of gliotoxin associated 
with compost, concluding its lack of relevance as a health hazard in the waste industry 
(Kupfahl et al., 2008; Fischer, Müller, Ostrowski, & Dott, 1999).    
 
 Aflatoxins are naturally occurring mycotoxins, produced by Aspergillus species-most 
commonly by A. flavus and A. parasiticus (Fischer, Müller, Schwalbe, Ostrowski, & Dott, 
2000).  A. flavus survives in many organic sources including green waste, and is therefore 
common in compost (Klich, 2007). Whereas A. parasiticus is more adapted to survival in soil 
environments (Abbas et al., 2009). The aflatoxins of interest are aflatoxin B1, B2, G1 and 
G2, named for their blue or green fluorescence under UV light (365 nm). Previous research 
indicates A. flavus produces only B type aflatoxins, whereas A. parasiticus produces all four 
(B1, B2, G1 and G2) (Fischer, et al., 1999). Aflatoxins are most notable for their toxic and 
carcinogenic properties. Aspergillus spp. are common and widespread in the natural 
environment and can colonize on all types of organic substrate whenever growth conditions 
are favourable and are therefore present in the composting environment. Although the 
presence of aflatoxins in compost and composting activities has been cited in the literature, to 
date no studies have investigated the presence of aflatoxins in compost-associated 
bioaerosols and their potential health risk to industrial workers and nearby residents.  
 
2.8.5 Viruses 
 Viruses are significantly smaller than bacteria and fungi, making detection sampling 
difficult (Verreault, Moineau, & Duchaine, 2008). Potentially pathogenic viruses associated 
with compost generally originate from animal carcass disposal. Temperature (> 55oC) and 
time (> 10 days) can render these viruses inactive (Guan et al., 2008) . In poultry the 
bioaerosol associated viruses of concern are Newcastle Disease virus and Avian Influenza 
virus (Benson, Malone, Alphin, Johnson, & Staicu, 2008). Viral bioaerosols that may infect 
and spread to the general population include: Influenza A and B, chicken pox, measles and 
mumps. 
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2.9 Bioaerosol dispersal and survival 
 Previous research has shown that composting facilities release bioaerosols into the 
surrounding environment, with most bioaerosol release through operational activities, such as 
windrow turning, shredding or screening (Taha, et al., 2006). The extent of bioaerosol 
dispersal and survival is largely dependent on the type of composting system (Tolvanen, 
2004). Some enclosed facilities pre-treat bioaerosols before external discharge using filtration 
and UV radiation (Kujundzic, Matalkah, Howard, Hernandez, & Miller, 2006). Bioaerosols 
from open-air systems are formed by compost or metrological agitation and left to disperse 
and dilute into the surrounding air (Sánchez-Monedero, et al., 2003). The fate and extent of 
these bioaerosols are controlled by both biotic and abiotic factors, such as: physical size of 
bioaerosol, meteorological conditions, season and composting facility location. 
 
 Size distributions of bioaerosols are crucial in determining potential dissemination 
from composting facilities (Byeon, et al., 2008). Particle sizes range from 2.0 – 5.0 µm for 
fungi (A. fumigatus) and 0.25 – 5.0 µm for bacteria (Thermoactinomycetes) are a determining 
factor for aerodynamic behaviour. A bioaerosol unaffected by additional factors will settle 
due to the gravitational field dependent on its density mass, therefore according to Stokes 
Law bioaerosols < 100 µm can remain suspended longer than those > 100 µm (Swan, et al., 
2003; Wheeler, Stewart, Dumitrean, & Donovan, 2001). Their initial size may vary due to 
generation source, but once airborne, their exposure to environmental and physical 
parameters determines their survival. Environmental factors, such as temperature and relative 
humidity affect the microorganism hygroscopicity leading to desiccation (Tang, 2009; Pillai, 
2007; Jones & Harrison, 2004).  
 
 Humidity affects the moisture content of the surrounding air and the survival of 
bioaerosol microorganisms. This is also true of high temperature (Pillai, 2007). Previous 
research has determined higher bioaerosol survival, including E. coli and the fungus 
Cladosporium, at higher relative humidity and lower temperatures than at lower relative 
humidity and high temperatures (Jones, et al., 2004; Homes et al., 1996). As relative 
humidity decreases, water availability declines leading to cell dehydration and inactivation 
(Dungan, 2010). Seasonal temperature and relative humidity fluctuations lead to seasonal 
variations in bioaerosol concentrations, with higher bioaerosol counts observed in warmer 
months including spring, summer and autumn, with lowest counts in winter. Precipitation 
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temporarily reduces airborne particles, including bioaerosols (Tilley, 1997). UV radiation 
through natural sunlight can kill and/or damages the reproductive code of bioaerosols thereby 
inhibiting the production and spread of disease (Kesavan & Sagripanti, 2013).  
 The extent of bioaerosol dispersion relies significantly on local meteorological 
conditions, such as wind speed, prevailing wind direction, as well as topography. High wind 
activity can significantly increase potential dissemination of bioaerosols in the prevailing 
wind direction (Pillai, et al., 2002) compared to facilities shielded from wind conditions 
and/or at low elevation (Taha, et al., 2004). Meteorological conditions and topography can be 
significantly contributed to bioaerosol dispersal from composting operations. For example, 
Albrecht et al. (2008) found that concentrations of fungi and thermophilic actinomycetes 
between 600 – 1400 m from a compost facility were 1 – 2 orders-of-magnitude higher 
compared with natural background levels. Increased bioaerosol levels were also observed 
between 2 - 4 folds higher at a residential area ca. 500 m downwind of a composting facility, 
than those observed upwind (Recer, et al., 2001). Landscape features such as trees or hills 
limit dispersal, creating natural buffer zones around composting facilities (Harrison, 2007a; 
Martino, 2001). To minimise dispersal, separation distances or buffer zones can be 
implemented to protect nearby residents. These can include natural buffers zones (woodland), 
man-made (earth bundles) or a defined minimum distances from compost facilities. In 
Australia these distances can vary state to state (Table 2-1).  
 
State EPA Distance Guideline Year Implemented 
Western Australia (WA) 1000 m  2005 
Victoria (VIC) 2000 m 2012 
Southern Australia (SA) 1000 m 2007 
Queensland (QLD) - - 
New South Wales (NSW) 1500 m 2011 
Tasmania (TAS) - - 
Table 2-1. Minimum distances (buffer zone) proposed by the EPA for feedstock mixed green 
waste composting facilities within Australia and the year implemented (Environmental 
Protection Authority, 2007, 2005, 1996). Those marked with – indicate no data available. 
 
2.10 Associated health hazards from bioaerosol exposure 
 Safety precautions to mitigate bioaerosol exposure were first proposed by Millner in 
1994.  These studies suggested bioaerosols were not hazardous to surrounding communities 
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generally, but only to immune-compromised individuals. The risk of health problems 
initiated by bioaerosol exposure is dependent on bioaerosol concentration, organism, 
exposure, duration and pre-existing medical conditions of exposed populations (Domingo, et 
al., 2009). These, often unknown, factors combined with a lack of knowledge regarding dose-
response relationships make it difficult to establish absolute bioaerosol concentrations 
threshold values of harm to the general population (Douwes, et al., 2003). With no 
established dose-response data for composting bioaerosols, waste workers and public are at 
health risk due to the high allergenic/pathogenic potential related to some compost-associated 
bioaerosols. 
 
 Currently there is no widely accepted standard available for guidelines values with 
respect to maximum bioaerosol exposure associated with any waste management 
environment (Kummer & Thiel, 2008; Sykes, Jones, & Wildsmith, 2007; Tolvanen, 2004). 
Various guidelines have been proposed but they can vary depending on terminology used. 
Thus we have Guideline Values (GV), Occupational Exposure Limit (OEL), Threshold Limit 
Values (TLV) and Acceptable Maximum Value (AMV). Table 2-2 lists suggested GV’s, 
OEL’s, TLV’s and AMV’s are based on relationships between environment factors and 
health effects on a case-by-case basis (Table 2-2). 
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Location 
 
OEL/TLV
/AMV 
Total 
Bacteria 
(CFU/m3) 
Gram 
Negative 
Bacteria 
(CFU/m3) 
Total 
Fungi 
(CFU/m3) 
Thermophilic 
Actinomycetes 
(CFU/m3) 
A. fumigatus 
(CFU/m3) 
Endotoxin 
 
 
Reference  
Green waste  
composting 
facilities 
TVL 1000 300 1000 n/a 500 n/a (Wheeler, et al., 2001) 
Municipal solid 
waste 
OEL 
 
105 2x104 5x104 2x104 - - (Dutkiewicz, 1997)  
Municipal solid 
waste 
OEL 
 
104 103 - - - 1 - 2 x 102 ng/m3 (Malmros, Sigsgaard, 
& Bach, 1992) 
n/a OEL - - - - - 50 EU/m3
(4.5 ng/m3) 
(Swan, et al., 2003) 
Sawmill - 103 102 102 - - 50 – 100 EU/m3
(4.5 - 9 ng/m3) 
(Oppliger, Rusca, 
Charrière, Duc, & 
Droz, 2005) 
Outdoor/Indoor 
Air 
Primary School 
AMV -   500 - - - (Pegas et al., 2010) 
Indoor Air GV 500 - - - - - (WHO, 1990)  
Table 2-2. Suggested Guideline Values (GV), Acceptable Maximum Values (AMV), Occupational Exposure Limits (OEL) and Threshold Limit 
Values (TLV) for bioaerosol exposure at various locations. Those marked with “–“ indicate no data available to date.
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2.11 Exposure to bioaerosols 
 Previous studies have shown that bioaerosol exposure is the cause of many 
occupational illnesses (Harrison, 2007a; Douwes, et al., 2003; Dutkiewicz, 1997). Hazardous 
sources from bioaerosol can be transferred through a variety of pathways. The primary routes 
of exposure to bioaerosols are ingestion and inhalation (Fig. 2-9) (Pillai, 2007; Apedaile, 
2001). Epstein (1996) suggested the transferral of hazards via different routes: bioaerosols 
through inhalation and pathogens through ingestion. It has been determined that between 50 - 
85% of compost-associated bioaerosols can be inspired due to their small diameter (< 7µm); 
potentially terminating in the sensitive alveoli cells of the lung (Crook, 1996).  
 
 
Figure 2-5. Routes of exposure to bioaerosols (Morawska et al., 2009). 
  
 Although dose-relationship responses are yet to be established, relationships are 
recognised between bioaerosol exposure and symptom development (Fung, et al., 2003). 
Exposure to fungi (Aspergillus spp.) can lead to the development of hypersensitivity 
reactions, disease states and irritations. Risks from bacterial exposure occur when 
concentrations of specific species are extraordinarily high (e.g. Thermoactinomycetes can 
lead to development of hypersensitivity pneumonitis (HP) such as farmers lung) (Goyer, et al., 
2001). Some examples of potential diseases associated with compost-associated bioaerosols 
are presented in Table 2-3.  
 
Inhalation 
Ingestion 
Bioaerosols > 7µm 
get trapped in 
mouth, nose and 
throat 
Bioaerosols < 7µm 
can enter airways  
(trachea and bronchi) 
Bioaerosols < 2µm 
can enter the lung 
alveoli
 22 
Class of 
Microorganism 
Associated Disease Causal Agent 
Fungi Asthma  
Rhinitis  
Alternaria sp., Cladosporium spp. 
& Penicillium spp. 
Hypersensitive pneumonitis  
Broncho-pulmonary aspergillosis 
Penicillium spp. 
Aspergillus fumigatus 
Aflatoxicosis	 Aspergillus spp.  
Bacteria Legionnaires disease  
Alveolitis & Byssinosis 
Legionella pneumophila 
Enterobacter agglomerans 
Actinomycetes 
(thermophilic) 
Farmers Lung & 
Hypersensitive Pneumonitis (HP) 
Thermoactinomycetes vulgaris 
Table 2-3. Bioaerosol associated diseases (Lacey, 1997; Lacey & Dutkiewicz, 1994). 
2.12 Bioaerosol Sampling 
Monitoring of bioaerosols includes the measurement of viable and non-viable 
microorganisms (based on their ability to reproduce) in the indoor or outdoor environment. 
Those viable can be defined on whether they are culturable or non-culturable with 
enumeration (Mandal & Brandl, 2011). There are a number of sampling methods and devices 
available for bioaerosol monitoring that involve the “capture” of bioaerosols from the 
surrounding air. The most common sampling techniques are impaction, filtration and 
impingement (Table 2-4).  
 
 Impaction is the sampling method of choice due to its low cost and portability. It can 
be used for both cultural and non-cultural (spore sampling) by separating particles from air 
by forcing them onto a solid surface to which they adhere (Pillai, et al., 2002). There are 
several different types of impactors: centrifugal, sieve and slit impactors. The centrifugal 
impactor collects the bioaerosol onto a plastic strip containing microbiological growth 
medium  (e.g. Reuter Centrifugal Sampler). The sieve impactor draws the air through a metal 
plate consisting of evenly spaced holes, where the particles are then impacted on a chosen 
medium surface, located under the respective metal plate (e.g. Anderson Sampler). On a slit 
impactor, the sampling orifice is a slit, with the chosen medium under the slit during 
sampling (e.g. Burkard Spore Trap) (Hess-Kosa, 2012).  Many impactors allow for allocated 
sampling times and limit plate, strip or slide overloading. The main disadvantage is that many 
of the smaller microorganisms may remain in the air stream and not adhere to the capture 
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medium, and cells may undergo physiological stress such as osmotic and physical (impact 
onto the medium surface) (Pillai, et al., 2002; Jensen & Schafer, 1998). 
 
 Filtration sampling collects the bioaerosols when a stream of air is filtered through a 
sterile porous material, often a membrane filter. The choice of filter including pore size, 
diameter, and material is dependent on the bioaerosols of interest. Filtration is one of the 
simplest sampling methods, and is often chosen for non-microbial or non-culturable 
bioaerosols (e.g. mineral dust, road dust, pollen and spores) due to the dehydration stress 
experienced on collection, as this decreases the viability of the microbial samples collected 
(Pillai, et al., 2002; Crook & Sherwood-Higham, 1997). 
 
 Impingers are similar to impactors, but force bioaerosols into liquid rather than onto 
agar. Additives to the liquid media, such as proteins, help reduce osmotic shock and 
resuscitate collected microorganisms. The liquid medium is then quantitatively plated onto 
selected agar media and incubated (Hess-Kosa, 2012). The main disadvantages of impingers 
are that they are constructed of glass making them too fragile for robust, field-friendly 
outdoor monitoring, and are generally single-use before requiring resterilisation. To prevent 
multiplication viable sampling must be done for short periods of time (30 mins or less) 
(Thorne, Kiekhaefer, Whitten, & Donham, 1992). 
 
 There are currently no standardised bioaerosol sampling methods employed for 
industrial green waste composting facilities, unlike clean rooms where the standard 
operational protocol involves using a SAS impaction sampler (Harrison, 2007b). However, 
inspection of performance criteria for each sampling method and adopt the most suitable 
process on an individual site basis has been suggested (Crook, 1996; Jiménez, et al., 1991). 
This approach is impracticable and would be logistically difficult and impractical to 
implement for all of the above-mentioned methods. Advantages and disadvantages of each 
system are presented in Table 2-4. From the sampling methods discussed and examination of 
previous studies completed at composting facilities (Table 2-5), impaction is the most widely 
used method for sampling bioaerosols at composting facilities due to its simplicity and ease 
of use (Cartwright, Horrocks, Kirton, & Crook, 2009; Crook, 1996). But until standardised 
methods are established results will only be of value in comparison to further study at the 
same facility (Millner, 1995). 
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Sampling 
Method 
Advantages Disadvantages/Limitations 
 
Impaction 
 
 
 
 
 
 
 
 
 
 
 
Technique widely used 
 
Adjustable sampling volumes 
 
Direct collection of bioaerosols 
onto culture medium 
 
Can process multiple samples in a 
day. No sterilisation between 
samples. 
 
Requires no further processing 
(apart from incubation) 
 
Restricted to culture based enumeration 
methods 
 
Wind speed affecting sampling efficiency 
(less significant compared to filtration) 
 
Risk of overloading plates at highly 
contaminated environments 
 
 
Impingement 
Technique already widely used 
 
No restriction on enumeration 
methods 
 
No overloading of collection 
medium 
 
Better survival of collected micro-
organisms in liquid rather than 
solid collection medium 
 
Samples require further processing before 
numbers can be quantified. (before further 
growth or death occurs of microorganisms) 
 
Robustness of impingement samplers 
questionable due to their fragile construction 
(e.g. glass) 
 
Loss of collection liquid through evaporation 
 
Requires sterilisation between samples 
 
Wind speed affecting sampling efficiency 
(less significant compared to filtration) 
 
 
Filtration 
Simple to use 
 
No restriction on enumeration 
methods 
 
Suitable for viable and non-viable 
analysis 
 
Relatively low recovery of viable 
microorganisms due to desiccation of 
microorganisms on the filter 
 
Samples require further processing before 
numbers can be quantified. (before further 
growth or death of microorganisms occurs) 
 
Risk of overloading the filter when sampling 
in highly contaminated environments 
 
Wind effects on sampling efficiencies 
 
Table 2-4. Advantages and disadvantages of bioaerosol sampling methods (Cartwright, et al., 
2009; Jensen, et al., 1998; Crook, et al., 1997; Thorne, et al., 1992). 
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2.13 Sampling Analysis 
 Detection and characterisation of bioaerosols can be carried out using a variety 
culture-based or non-culture-based method.  Non-culture-based methods involve enumeration 
of all viable and non-viable microorganisms using a microscope, and are usually based on 
filtration and/or impingement methods (Taha, et al., 2006; Douwes, et al., 2003). 
Microscopic enumeration identifies larger biological particles such as fungal spores and 
pollen, with additional staining (e.g. fluorescent antibodies) required for bacterial 
enumeration. This method does not distinguish between non-culturable and culturable 
bioaerosols and is limited to macroscopically recognisable particles (fungal spores and 
pollen) (Eduard, Heederik, Duchaine, & Green, 2012). 
 
 Culture-based methods reproduce microbial bioaerosols in pre-determined media 
under controlled laboratory conditions (Douwes, et al., 2003). Such media are only useful in 
the enumeration of microorganisms which can produce growth that can be identified 
macroscopically, microscopically or biochemically. Results for bacteria and fungi are 
expressed as colony forming units (CFU) with the assumption that one colony arises from a 
single cell, but it is to be noted that colonies can occasionally be formed by an aggregate of 
cells/spores. This approach is only appropriate only viable bioaerosols are of interest (Hess-
Kosa, 2012). Both selective and differential media are regularly used in the testing of 
microorganisms for compost-associated bioaerosols, such as fungi, bacteria and 
Thermoactinomycetes (Table 2-4) (Cartwright, et al., 2009).  
2.13.1 Fungi 
 The most commonly used media for fungal enumeration is Malt Extract Agar (MEA) 
and Rose Bengal Agar (RBA) at a temperature of 25oC (Jensen, et al., 1998). Dichloran rose 
Bengal chloramphenicol (DRBC) is used for the selection, isolation and enumeration of 
yeasts and moulds. The most commonly discussed mould in compost is A. fumigatus, a 
mycotoxin producer of toxic carcinogenic compounds. The selective growth media 
Aspergillus flavus parasiticus Agar (AFPA) and DRBC are both considered valuable for 
enumeration of Aspergillus spp. (Harrison, 2007b; Cotty, 1997). Presumptive aflatoxin 
producing Aspergillus spp. on AFPA develop an intense yellow-to-orange pigment at the 
base of the colonies when aspergillic acid molecules react with ferric ions (Pitt & Hocking, 
2009). Since pigment is not indicative of aflatoxin production, confirmation of aflatoxin can 
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be achieved by subculture and fluorescence on Potato Dextrose Agar (PDA) containing 0.3% 
β-cyclodextrin (Abbas, et al., 2004a). However, this technique has not previously been 
applied to bioaerosol monitoring at composting facilities for toxigenic Aspergillus spp. 
 
2.13.2 Bacteria 
 Tryptic Soy Agar (TSA) is a non-selective medium for bacterial isolation. Addition of 
antibiotics such as antifungal cycloheximide allows total (heterotrophic) bacterial growth 
while inhibiting yeasts and moulds (Fabian, Miller, Reponen, & Hernandez, 2005). Selective 
media such as MacConkey Agar (MCA) are designed to selectively grow Gram-negative 
bacteria, with this medium differentiating lactose fermenting coliform bacteria colonies by 
their uptake of the indicator neutral red by diffusion, colouring colonies pink-red (Pankhurst 
et al., 2011). Chromocult Coliform Agar (CCA) is a selective chromogenic medium used for 
enumeration of both total coliform and E. coli bacteria. These organisms cleave specific 
chromogenic substrates, with colonies differentially coloured dependent on type (Awad, 
2007).  
 
2.13.3 Thermoactinomycete  
 Thermoactinomycetes exhibit limited recovery on non-selective media, such as 
Tryptic Soy Agar (TSA). However, addition of antifungal and antibacterial agents can 
improve non-selective media without inhibiting growth of Thermoactinomycetes 
(Goodfellow & Williams, 1983). Previous research has indicated conclusive results with the 
addition of Novobiocin (25 - 50 μg ml-1) and Nystatin (25 g ml-1) to media such as Starch 
Casein Agar (SCA) and/or Tryptic Soy Agar (TSA) (Lacey, 1997; Amner, McCarthy, & 
Edwards, 1988; Goodfellow, et al., 1983; Williams & Davies, 1965) 
2.14 Potential bioaerosol indicator microorganisms 
 In addition to sample collection and analysis methods, there are a number of different 
indicator microorganisms used to evaluate dispersal of compost-associated bioaerosols. 
Criteria for compost-associated indicator organisms include their increased presence in the 
area of interest compared to the natural environment, their presence whenever pathogens are 
also present, their survival for prolonged periods while airborne without multiplication and 
still have the potential to cause adverse health effects to surrounding populations. 
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Consequently, direct comparison of previous research studies becomes problematic (Xu et 
al., 2011).  
 
 The Victoria (Australia) Environmental Protection Authority state that the purpose of 
a bioaerosol study is to assess relative exposure of people to the microorganisms released 
from compost which may cause adverse health effects to the surrounding population 
(Environmental Protection Authority, 1996). Exact sources of bioaerosol dispersion can be 
difficult to determine due to their ubiquitous environmental distribution (Douwes, et al., 
2003). Therefore, bioaerosol indicators should be ideally exclusive to compost and not found 
in air in the absence of composting operations or associated bioaerosol impacts. In the case of 
naturally occurring indicators, a background level must be determined and deducted from 
that obtained in the actual sample (Swan, et al., 2003). While Table 2-5 presents the range of 
techniques commonly applied the absence of a promulgated standard for bioaerosol testing 
should be noted. While A. fumigatus is a dominant fungal indicator in compost it also resides 
naturally in the environment albeit at lower concentrations. Albrecht and Fischer (2008) 
noted a higher concentration of A. fumigatus on-site and downwind of composting facilities 
compared with background levels.  
 
 Nielsen (1996) introduced total counts of viable bacteria and fungi as indicators of 
bioaerosols dispersal. This approach is commonly used in conjunction with other potential 
indicator microorganisms (e.g. thermophilic actinomycetes) (Table 2-4). Total culturable 
bacteria/fungi alone are not conclusive that the microbial profile is compost-associated in the 
natural environment. Similarly, one cannot directly correlate such findings with adverse 
health effects in surrounding populations since little is known regarding dose-response 
relationships, with the exception of a few specific allergens and pathogens (Drew, et al., 
2009; Douwes, et al., 2003).   
 
 Sanchez-Monedero and Stentiford (2003) recommended a monitoring programme in 
the United Kingdom (UK) using total mesophilic bacteria as an indicator at multiple 
locations upwind and downwind of an enclosed system compost facility. Compared to open-
aired systems, mesophilic bacteria are more proliferant in enclosed systems due to forced 
aeration and temperature control (Albrecht, et al., 2008). This reinforces the concept that 
different classes of operations may have different optimal indicators.  
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 Although actinomycetes are commonly found in the natural environment, 
thermophilic actinomycetes rarely occur naturally. However, thermophilic actinomycetes are 
present in high numbers in the latter stages of composting, which is attributed to their 
thermotolerance (Le Goff, et al., 2010; Neef et al., 1999). Those predominately found include 
the genus Thermoactinomycetes, including T. vulgaris, which are associated with allergic 
reactions such as alveolitis (Albrecht, et al., 2008; Goodfellow, et al., 1983).  This genus (or 
the specific species) is a good candidate for a compost-associated bioaerosol indicator since it 
meets the inclusion criteria for being compost specific and potentially hazardous to the 
surrounding public (Le Goff, et al., 2010). 
 
 Sampling methods and organisms employed in the literature differed depending on 
industrial waste system (Table 2-5). The most commonly used compost-associated 
bioaerosols are thermophilic actinomycetes and A. fumigatus serving as indicators for 
bioaerosol dispersal (Table 2-4). Their continued use as indicators in compost bioaerosol 
monitoring is attributed to both their presence in compost and recognised potential for 
inducing respiratory disorders in humans (Albrecht, et al., 2008; Crook, 1996).  
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Bioaerosol 
Source 
Indicator Microorganisms Media Sampling Methods 
Impaction/filtration/impingement 
Author 
 
Biosolid Facility 
Total heterotrophic bacteria 
Total coliform bacteria 
Escherichia coli 
N/A Impingement – SKC Biosamplers  
(Brooks et al., 2005) 
 
 
Compost Facility 
Gram-negative bacteria 
Aspergillus fumigatus 
Czapek-Dox agar 
Drigalski agar 
Impaction – six-stage Andersen 
sampler 
 
(Clark, Rylander, & 
Larsson, 1983) 
 
 
Compost Facility – 
Windrows System 
 
Aspergillus fumigatus 
 
Actinomycetes 
Malt Extract Agar (MEA) 
Nutrient agar plates  
& soil compost agar  
Filtration - SKC Universal dust 
& vapour sampling pump 
 
(Drew, et al., 2006) 
 
 
Municipal sewage 
treatment plant 
Total mesophilic bacteria  
Gram-negative bacteria 
 
Thermophilic actinomycetes 
Fungi 
Blood agar 
Eosin Methylene Blue 
agar 
Tryptic soya agar  
Malt extract agar 
Impaction – slit sampler  
(Dutkiewicz, 2003) 
 
 
Compost Facility – 
Windrows System 
Mesophilic fungi 
Thermotolerant fungi 
Actinomycetes 
Total bacteria 
Dichloran glycerol 18% 
agar  
Malt-extract agar 
Glycerine–arginine agar  
Casein soya peptone agar 
Filtration - Sartorius MD-8  
 
Impingement - All Glass Impinger 
(AGI 30) 
 
(Fischer, Albrecht, Jäckel, 
& Kämpfer, 2008) 
 
 
Compost Facility 
Mesophilic & thermophilic 
bacteria 
Mesophilic & thermophilic 
actinomycetes  
Gram-negative bacteria 
Total coliforms 
Plate count agar 
 
Starch casein agar 
 
MacConkey agar 
Escherichia coli Direct 
agar  
Impaction – SAS sampler  
(Fracchia, Pietronave, 
Rinaldi, & Martinotti, 
2006) 
 
 
Compost Facility  
Total bacteria  
Moulds  
Aspergillus fumigatus 
Thermophilic actinomycetes 
R2A agar (oxoid) 
dichrorane-glycerine-
(DG18)–(oxoid) 
glycerine-arginine-agar 
 
Filtration - MD 8 Sartorius  
(Herr et al., 2003) 
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Compost Facility 
Total bacteria 
Gram positive bacteria 
Gram negative bacteria 
Actinomycetes 
Fungal Spore 
Soy-casein agar 
Soy-casein agar 
Soy-casein agar 
Soy-casein agar 
Malt extract agar 
Impaction - Andersen sampler  
(Hryhorczuk et al., 2001) 
 
 
 
Compost Facility 
Total bacteria 
Thermophilic bacteria 
Thermophilic actinomycetes 
Moulds  
Aspergillus fumigatus 
Tryptic Soy agar 
Tryptic soy agar 
Tryptic soy agar 
Malt extract agar 
Blood agar 
Impaction - Six-stage Anderson 
sampler 
 
(Reinthaler et al., 1999) 
 
 
 
Compost Facility 
 
Aspergillus fumigatus 
Thermophilic actinomycetes 
Rose bengal agar 
Tryptic soy agar 
Impaction - Reuter Centrifugal 
Sampler 
 
(Recer, et al., 2001) 
 
Compost Facility – 
enclosed aerated 
systems 
Aspergillus fumigatus 
Mesophilic bacteria 
Malt extract agar 
Nutrient agar  
Impaction- Anderson sampler (Sánchez-Monedero, et al., 
2003) 
 
 
Compost Facility– 
windrow system 
Aspergillus fumigatus 
Actinomycetes 
Malt extract agar 
Half strength nutrient agar 
(Oxoid) & 
Soil compost agar 
Filtration - SKC Universal dust and 
vapour sampling pump 
 
(Taha, et al., 2006) 
 
 
 
Biosolid Facility 
Total coliform bacteria 
Total heterotrophic bacteria 
m-Endo agar 
R2A agar 
Impingement – SKC Biosampler  
(Tanner et al., 2008) 
 
 
Compost Facility 
Total bacteria 
Total fungi 
Aspergillus fumigatus 
Nutrient Agar Plates 
Malt Extract agar 
Malt extract agar 
Filtration 
Cyclone sampler 
Impaction - six-stage Andersons 
sampler 
 
(Wheeler, et al., 2001) 
 
Table 2-5. A comparison of specifically used bioaerosol indicator microorganisms frequently used as microbiological indicators of bioaerosols 
derived from composting facilities, media and collection methods from previous studies indicated in column 1. 
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2.15 Bioaerosol monitoring consideration 
Before proposing a sampling plan a few factors have to be considered. These include: 
purpose of sampling, what to sample for, when to sample, the logistics of sampling and 
overall cost. The principle concern of composting bioaerosols is the emission and dispersal 
into the surrounding residential population with potential to induce negative health effects. 
Therefore, specific (indicator) microorganisms should be measured (e.g. Aflatoxin 
Aspergillus spp., A. fumigatus and Thermoactinomycetes). If no baseline data exists from 
composting facility of interest, dispersion profiles of more generalised indicators such as total 
culturable fungi/bacteria could also be beneficial. The overall-time frame of monitoring 
should represent local seasonal and weather variations, therefore usually recommended over 
a 12 month period. Sampling sites include background samples compared with those of 
increased distances from source with prevailing wind direction. Finally sampling logistics, 
including time constraints, cost and practicability must be taken into account.  
2.16 Summary 
 Research into bioaerosol emission, dispersion and potential negative health effects on 
the surrounding public from green waste composting facilities is ongoing and gaps in 
knowledge remain. Some of these knowledge gaps include: 
 
 Limited information regarding bioaerosol dispersal and dissemination from industrial 
green waste composting facilities. 
 Unknown potential health risk to compost-operations proximal to urban development 
areas. 
 Lack of standardised, practical sampling and sample analysis methods. 
o No sampling distances from compost facilities to increased distances downwind. 
o No standard compost-associated indicator microorganisms. 
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Chapter 3: Material and Methods 
3.1 Terminology 
 The following table lists the definitions for the following sampling and terminology 
used throughout this thesis. 
Term Definition 
Baseline sampling 
 
Initial collection of data which serves as a basis for comparison 
with subsequently acquired data. 
Facility 
 
Refers to the industrial composting facility of interest. 
 
Facility boundary 
 
Refers to the compost facilities operational boundary, indicated by 
woodland, man-made buffers or fencing. 
Judgemental sampling 
 
The process involves purposely handpicking individuals from the 
population based on the researcher's knowledge and judgment. 
Generalised (or 
general) indicators 
Can be used as a preliminary bioaerosol indicator of a difference 
between environments (e.g. upwind or downwind of a composting 
facility). For this study generalised indicator refers to total 
bacteria, total fungi and total coliforms. 
Operational Activity 
 
Particular composting activities taking place on and within the 
facility to facilities boundary (e.g. windrow turning) 
Positive Control A chosen site where bioaerosol dispersal was assumed to be of 
highest concentration (< 10 m adjacent and downwind of an area 
of high operation activity). 
Potential indicators Species or genus specific associated with composting bioaerosols. 
For this study potential indicators refers to A. fumigatus and 
Thermoactinomycetes. 
Sampling site Refers to the chosen site or distance at which bioaerosol sampling 
takes place. 
Simultaneous sampling Where bioaerosol samples were collected simultaneously at 
positive control with those at increased distance downwind of the 
facility, collectively sampling what was in the air at a given time. 
Stratified sampling 
 
When the entire target population is divided into different strata, 
and then randomly selects the final subjects proportionally from 
the different strata (e.g. distance). 
Total culturable 
 
Refers to total recovery of those measurands, for this thesis 
culturable refers to both culturable and recoverable. 
Table 3-1. Definitions of sampling terminology. 
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3.2 Overview 
 Swanbank is a predominately industrial suburb of Ipswich, Queensland, Australia 
used for its waste disposal, ranging from landfill to recycling organic material (Fig. 3-1) 
(Worrall, Neil, Grigg, & Brereton). The topography is characterised by undulating slopes 
with some steep ridges due to (limited) reshaping and land rehabilitation as a result of past 
mining. The research took place at two green waste composting facilities, NuGrow 
Landscape Mixes (NLM) and Wood Mulching Industries (WMI) located at Swanbank, both 
of which use windrow-composting systems. Surrounding suburbs include Redbank and 
Ripley, both of which are currently undergoing substantial  urban expansion. Redbank 
expansion includes the development of 1400 residential and commercial plots to the N to NE 
of both facilities (Fig. 3-1). The Ripley expansion involves a large residential development to 
provide approximately 50,000 new dwellings to the West of NLM and WMI, with capacity to 
integrate with surrounding businesses including adjacent Swanbank Enterprise Park 
(Appendix I, Fig. 1-1).  
3.3  Sample Facilities 
 Relative locations, surrounding industries and residential areas for both WMI and 
NLM are presented in Figures 3-2. 
 
Figure 3-1. Aerial map of Swanbank (Cnes/Spot Image, DigitalGlobe ®, Landsat and 
Sinclair Knight Merz & Fugro, 2012) with relative locations of composting facilities and 
N
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prevailing seasonal winds for 2012, with length and position of arrows indicating wind 
predominance. 
3.3.1 NuGrow Landscape Mixes (NLM) 
 NuGrow Landscape Mixes (NLM) is the smaller of the two facilities (approx. 15 
acres) and lies on a more exposed landscape feature than the second facility (Wood Mulching 
Industry [WMI]). Woodland buffers and earth bundles surround the perimeter of the facility, 
with a biosolid facility ca. 1 km from the NW border and landfill (ca. 1 km) to the East. The 
nearest major residential development area is Ripley, ca. 3 km to the West (Fig. 3-1). The 
majority of green waste material is shredded before arrival onto the facility or shredded by 
external contractors on-site 3-5 times per year. In 2012, NLM processed approximately 
50,000 t of green waste into 18,000 t of saleable compost. Relative locations of operational 
areas are illustrated in Fig. 3-2. 
 
 
Figure 3-2.  Aerial image of NuGrow Landscape Mixes (NLM) facility layout (Cnes/Spot 
Image, DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012) with operational 
areas indicated. 
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3.3.2 Wood Mulching Industries (WMI) 
 Wood Mulching Industries is situated on 70 acres. It is entirely surrounded by 
regenerated woodland with the Centenary highway situated to the SW. The neighbouring 
residential area under development is Redbank, ca. 3 km to the NE (Fig. 3-1). With 
approximately 90,000 t of green waste processed per year. Relative locations of operational 
areas are illustrated in Fig. 3-3.  
 
 
Figure 3-3. Aerial map of Wood Mulching Industries (WMI) facility layout (Cnes/Spot 
Image, DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012) with operational 
areas indicated. 
3.4  Sampling Strategy 
 A stratified judgemental sampling approach was employed at increased distance from 
chosen positive controls, with sampling direction judged according to the prevailing wind 
direction and vehicle access on each sampling day. Five replicate samples for each bioaerosol 
indicator were collected at each site, with each site representing a chosen distance (strata) 
from the control site. Five replicates were deemed sufficient to address the variability so 
differences between sites and distances could be identified (Le Goff et al., 2012). These took 
place no less than one hour after the daily dew point was exceeded (determined using a 
temperature-relative humidity multimeter and psychometric chart). This standard operational 
sampling procedure was implemented and performed on four sampling days (one per season 
over a period of 12 months). Sampling over subsequent seasons was necessary to characterise 
Windrow
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and entrance 
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seasonal variance of bioaerosol generation. Each sampling event was conducted over one day 
between 0930 - 1700 hr with sampling per-site occurring over 25 - 50 mins. Each composting 
facility’s operational activity was determined by (visual) observation on each sampling day; 
with activity deemed low, moderate or high (Table 3-1). Due to equipment failure (stripped 
thread on the aspirating head) simultaneous sampling was conducted on only two sampling 
events at NLM and one at WMI. For all other days sampling occurred consecutively, starting 
from background and then progressing with increased distance downwind. Background 
locations were chosen no less than 300 m upwind from the facilities where possible to 
establish levels of bioaerosols present irrespective of composting facility. Sampling locations 
were located at predetermined, increasing distances from the facility towards the nearest 
respective residential area under prevailing wind direction conditions. Specifically: 
a) Background (< 300 m upwind) 
b) Control (also referred to as 0 km) (< 10 m adjacent and downwind of area of high 
operational activity)  
c) 0.1 km 
d) 0.25 km 
e) 0.5 km 
f) 1 km 
g) ≈ 2 km, or adjacent to nearest residential area  
 
 Sampling would ideally occur at the above predetermined distances, but some 
distances were modified due to restricted access due to operational activities or lack of 
vehicle access. At NLM, distances were modified to 0.4 and 0.9 km (summer) and 0.4 and 
1.25 km (winter) rather than 0.5 and 1 km. At WMI in autumn, surrounding dense woodland 
and no vehicle access on a northerly transect meant no sampling could be achieved at 0.5 km. 
Additionally, winter operational activity required the original 0.1 km site be moved to 0.15 
km. Generalised sampling locations for both facilities are illustrated in Figure 3-4. Relative 
sampling locations with prevailing wind direction and topographical elevation for both 
facilities can be found in Appendix I (Figs. 1-2 – 1-9). 
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Figure 3-4. Aerial image of generalised sampling locations for WMI and NLM (Cnes/Spot 
Image, DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012). 
 
 A pilot/scoping study was carried out to determine appropriate sampling volumes to 
minimise overloading of Petri plates; as well as sampling, handling and analysis logistics, 
prior to seasonal sampling events. Sampling dates, seasons and operational activity for both 
facilities are listed in Table 3-2.  
 
Sampling 
Facility 
Season Sampling Date Operational activity 
low/moderate/high 
 
NLM 
Summer 29th February 2012 High 
Autumn 14th May 2012 Moderate 
Winter 17th August 2012 High 
Spring 28th September 2012 Moderate 
 
WMI 
Summer 13th March 2012 Low 
Autumn 8th June 2012 Low 
Winter 29th August 2012 Moderate 
Spring 5th October 2012 Moderate 
Table 3-2. Sampling seasons, dates and operational activity for NuGrow Landscape Mixes 
(NLM) and Wood Mulching Industries (WMI) bioaerosol sampling events. 
1 km 
  N 
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3.5 Local meteorological parameters 
 Meteorological data (wind velocity, temperature and relative humidity) were 
measured at each sampling site using a portable hand held multimeter (Lutron LM-8000; SN 
Q552607; instrument measurement parameters and specifications are presented in Table 3-3. 
Sampling did not occur within a week of local rain events, as this is reported to have a 
decreased influence on aerolised particles (Weber, 2003). 
 
Feature Units Range Resolution 
Wind Velocity Metres per second (m/s) 0.4 to 30 0.1m/s 
Humidity %RH 10 to 95% 0.1%RH 
Temperature oC -100 to 1300 oC 0.1 oC 
Table 3-3. Measurement parameters for Lutron (LM-8000). 
 
 Wind direction was determined using the Lutron (LM-8000) or by visual inspection 
of aerolised dust. Wind direction was seen to vary as the sampling day progressed. Sampling 
locations were geographic information system (GIS) - logged using a Magellan (eXplorist 
100) hand held GPS and plotted using Google Earth (version 2012). Wind data was also 
collated from Flinders view weather station (ca. 6 km NE). The dew point was determined 
using a psychometric chart. All data collected was manually recorded on a field data-logging 
sheet (Appendix I, Table 1-1). 
3.6 Air sampler 
 Bioaerosols were collected using a direct agar impact SAS Super 100 (100 L/min) 
(SN 09-D-06427) sampler with 219-hole sampling head. This sampler impacts air at a fixed 
speed (100 L/min) over specific, calibrated sampling times (dependant on site sampled 
anticipated microbial load) onto a single 90 mm Petri plate containing the agar medium of 
choice.  To reduce equipment-associated microbial contamination, sampling heads were 
autoclaved at 121oC for 25 minutes before each sampling. Between each sampling location 
the internal and external faces of the sampler head were disinfected using 70% isopropyl 
alcohol wipes. The SAS sampler was tripod mounted and positioned at a height of 1.5 m, 
corresponding to breathing zone height (Chalvatzaki, Aleksandropoulou, Glytsos, & 
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Lazaridis, 2012) with sampling head faced directly upwind towards respective composting 
facility.  
3.7  Sample analysis 
3.7.1 Compost analysis 
 Four samples of compost (approx. 100 g) were collected from four separate windrow 
piles at each compost facility (one per pile). A composite sample of 10 g was suspended in 90 
ml of saline solution, serially diluted and spread-plated onto selected agar media (Table 3-4). 
Remaining mixture was then weighed before drying at 121oC for 24h. Samples were then 
reweighed and percentage (%) moisture calculated using the weight difference (Allgaier et 
al., 2010).  
 
3.7.2 Bioaerosol analysis 
 Prior to collection, plates were pre-dried by placing upright unopened at room 
temperature (18 - 25oC) for 24h until condensation on inner plate surfaces was no longer 
apparent (plates showing any microbial contamination were discarded).  The following media 
were used for the potential and generalised compost-associated indicator microorganisms 
(Table 3-4). 
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Selective/ 
Differential 
Media 
Positive/Negative 
Media Control 
Organisms 
Indicator 
Microorganisms 
Presumptive/Confirmin
g criteria 
Reference(s) 
Dichloran Rose 
Bengal 
Chloramphenicol 
(Oxoid, 
CM0727; 
DRBC) 
(+) Aspergillus niger 
(-) Escherichia coli 
 
Total fungi  
(incl. A. fumigatus) 
All colonies capable of 
growth  
(Velvety/floccose texture, 
dark green colouration, 
ridged pink/red shade on 
the reverse) 
(Forbes-Smith 
& Paton, 
2002) 
 
Aspergillus 
flavus 
parasiticus Agar 
(Oxoid, 
CM0731; 
AFPA) 
(+) Aspergillus flavus 
(-) Escherichia coli 
 
 
 Aflatoxin 
Aspergillus spp. 
Orange/yellow reverse 
 
(Varga, 
Frisvad, & 
Samson, 2011) 
Tryptic Soy 
Agar + 
cycloheximide 
(100 μg/ml) 
(TSA+C) 
 
(+) Bacillus subtilis 
(-) Uninocculated 
medium 
Total heterotrophic 
bacteria 
All colonies capable of 
growth  
(Awad, 2007; 
Nicholson & 
Hirsch, 1998; 
Marthi & 
Lighthart, 
1990) 
MacConkey-
Lactose Agar 
(Oxoid, 
CM0109; MCA)  
 
(+) Escherichia coli 
(-) Uninocculated 
medium 
Total coliform 
bacteria 
 
Growth of only red/pink 
colonies 
(Awad, 2007; 
Marthi, et al., 
1990) 
Tryptic Soya 
Agar + 
novobiocin (25 
μg/ml) (TSA+N) 
(+)Thermoactinomycetes  
(-) Uninocculated 
medium 
Thermoactinomycetes 
spp. 
Distinct white powdery 
appearance of flat/ridged 
colonies with 
entire/filamentous margins  
Thermotolerance  
Resistance to novobiocin 
(25 μg/ml) 
(Taha, et al., 
2007; Lacey, 
1997; Amner, 
et al., 1988) 
Potato dextrose 
agar  (PDA + β 
cyclodextrin) 
(0.3% wt/vol) 
(Sigma, 4767; β 
cyclodextrin) 
(+) Aspergillus 
fumigatus 
(-) Uninocculated 
medium 
Confirmation of 
aflatoxin Aspergillus 
spp. 
Orange/yellow reverse 
Blue/green fluorescence 
under UV (365nm) 
Beige ring around 
mycelium’s edge 
(Abbas, Shier, 
Horn, & 
Weaver, 
2004b; Abbas, 
et al., 2004a) 
Malt extract agar  
(Oxoid, 
CM0059; MEA) 
 
(+) Aspergillus niger 
(-) Uninocculated 
medium 
 
A. fumigatus Floccose texture  
White mycelium, grey-
green raised conidia and 
yellow reverse.  
(Byeon, et al., 
2008; Fischer, 
et al., 1999) 
Table 3-4. Media and presumptive/confirmation techniques for potential compost-associated 
indicators and generalise indicators, total culturable fungi, bacteria and total coliform 
bacteria. 
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 Following collection, bioaerosol samples were stacked, plastic wrapped and inverted 
for transport and incubation (< 12h from time to collection to start of incubation). On return 
to the laboratory bacterial plates were incubated at 25 ± 2oC (TSA+C) and 35 ± 2oC (MCA). 
The presence of total coliforms was confirmed on MCA by the growth of only red/pink 
colonies (lactose positive) after 48 h. For total heterotrophic bacteria, all colonies capable of 
growing on TSA+C were enumerated once visible after 3, 5 and 7 days.  
Thermoactinomycetes colonies on TSA+N were incubated at 55 ± 2oC and visible colonies 
counted after 3, 5 and 7 days, confirmed by their thermotolerance, distinct white powdery 
appearance of flat or ridged colonies with entire/filamentous margins and resistance to 
novobiocin (25 μg/ml)  (Fig. 3-5A) (Taha, 2005). Fungal plates were incubated at 30 ± 2oC 
(AFPA & DRBC) and Aspergillus fumigatus identified by micro and macro-morphological 
features [Fig. 3-5 (B) and (C)]. Presumptive A. fumigatus colonies were velvety to floccose in 
texture with dark green colouration, with pink/red shades shown on the reverse (DRBC). 
Confirmation of A. fumigatus required microscopic examination of the conidial heads (typical 
columnar, uniseriate) and conidiophores (smooth-walled, uncoloured and > 300 µm long) 
from MEA (Pitt, Hocking, & Beuchat, 1998).  
 
  
 
Figure 3-5. Colony morphological features of Thermoactinomyces spp. on TSA+N (A) and A. 
fumigatus on MEA (B) and DRBC (C). 
 
 Aflatoxin producing Aspergillus spp. were confirmed using fluorescence on potato 
dextrose agar containing 0.3% β-cyclodextrin (PDA+C). Positive aflatoxin cultures such as 
A. parasiticus fluoresce blue/green under ultraviolet UV light (365nm) (Abbas, et al., 2004a). 
Mycelia displaying an orange/yellow reverse on AFPA were reisolated on AFPA to 
reconfirm potential aflatoxin production, and finally subcultured onto PDA+C for 5 - 7 days 
at 28oC in complete darkness.  
A. fumigatus 
A B C
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Aflatoxin positive cultures display three main distinguishing features; a distinct 
yellow/orange reverse, a beige ring around mycelium’s outer edge, and blue/green 
fluorescence under UV (365 nm) on PDA+C (Abbas, Zablotowicz, Bruns, & Abel, 2006; 
Abbas, et al., 2004b) (Fig. 3-6). 
  
 
Figure 3-6. Positive aflatoxin culture distinguishing features: beige ring (A), yellow reverse 
(B) and fluorescence under UV (365nm) (C) on PDA+C. 
3.8 Microbial enumeration 
 Colonies were counted visually and numbers recorded along with other relevant 
details (e.g. unexpected colony/mycelia growth). The final count was adjusted using the 
correction table for the SAS 219-hole colony head impaction sampler, taken from the SAS 
instruction manual (SAS Super 100TM  Instruction Manual, 2001). Final results were then 
reported as colony forming units CFU/m3 using the following calculation: 
 
Total CFU/m3
 
air sampled = c/d CFU/m3
 
air 
Flow rate = a L/min 
Sampler running time = b min 
Volume of air sampled = a x b L = ab/1000 m3 = d m3 
Bacterial or mould count = c CFU  
Total CFU/m air sampled = c/d CFU/m3 air 
Figure 3-7. Calculation of colony forming units per cubic metre (Szymańska, 2006). 
3.9 Lower Limit of detection (LLOD)  
 The lower limit of detection (LLOD) was based on the volume of air sampled. For 
SAS samplers with a sampling rate of 100 L/min the LLOD is calculated as one colony 
A B C 
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forming unit (CFU) from the volume of air sampled (Stagg, Bowry, Kelsey, & Crook, 2010; 
Lee et al., 2004). Sampling volumes with their respective LLOD’s are presented in Table 3-5. 
Any results found below the respective LLOD were reported as zero. 
 
Volume of air sampled  
(Litres per minute) 
LLOD  
(CFU/m3) 
50 20 
100 10 
200 5 
Table 3-5. SAS sampling volumes with respective lower limit of detection (LLOD). 
 
3.10 Statistical analysis 
 All bioaerosol data are expressed as means with standard errors (n = 5). Paired t-tests 
were applied to identify the significant differences [to a 95% confidence level (p = < 0.05)] 
between all bioaerosol indicator viable counts from upwind sites (background) against those 
at increased distance. ANOVA was employed to determine assess differences between 
bioaerosol concentrations by season at each individual composting facility. This strategy was 
also applied to determine if any significant difference was apparent on comparison of 
seasonal concentrations from both composting facilities using Windows Excel 2007 statistic 
package (Appendix IV). A p-value of < 0.05 was considered significant. Bioaerosol 
concentrations can vary dramatically; therefore overall uncertainty (Uo) was calculated to 
estimate the range of values the ‘true’ value would be expected to fall within, using the 
following calculation. 
 
Overall uncertainty (Uo) = RSD x k(1.96) 
Where: 
RSD = [Standard Deviation (SD)/ Mean (X)] x 100 
k (1.96) = coverage factor to give a confidence level of approximately 95% 
 
Figure 3-8. Calculation of Overall uncertainty (Uo) (Taylor & Kuyatt, 2009; Bartley & Lidén, 
2008; Grøn et al., 2007).
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Chapter 4: Compost analysis results and bioaerosol emission and 
dispersion results 
4.1 Overview 
 Within this section, results for the analysis of bioaerosol emission and dispersal are 
presented for all potential bioaerosol indicators (A. fumigatus and Thermoactinomycetes) and 
more generalised indicators (total bacteria, total fungi and total coliforms). Figures show 
comparisons between both potential indicators themselves, and then all general fungal and 
bacterial indicators, including A. fumigatus and Thermoactinomycetes. All references to 
predetermined distances downwind are taken from chosen positive controls (0 km) (< 10 m 
adjacent to composting activity) and background site locations < 0.25 km upwind from 
controls (e.g. -0.25 km). For all bioaerosol indicators, mean values are presented at the 95% 
CI. Statistical similarity/difference (p < 0.05) is presented for each individual sampling site 
compared to background sites (Appendix IV, Tables 4-1 to 4-10, inclusive). 
4.2 Moisture content of compost and enumeration of microbial communities  
 Prior to sampling it was beneficial to determine whether the potential and general 
bioaerosol indicators were indeed compost associated and therefore present within the 
compost material. Each potential indicator was present at > 104 CFU/g (wet weight) in 
composting material obtained from each facility (Table 4-1). Except for 
Thermoactinomycetes, all indicators were found in higher concentrations at NLM, up to 100-
fold greater than WMI. 
 
	 Thermoactinomycetes  Total 
Heterotrophic 
Bacteria 
Total 
Coliforms
Total 
Fungi 
Aflatoxin 
Aspergillus 
spp. 
NLM 1.9 x 106 6 x 107 1 x 106 1 x 106 2 x 105 
WMI 1.6 x 106 1.2 x 106 1.8 x 105 3 x 104 1 x 104 
Table 4-1. Potential and general bioaerosol indicators present in green waste material at NLM 
and WMI, expressed as CFU/g wet weight. 
 
  
 
46 
 
 The ideal moisture content of a compost pile is between 40 - 60% wet weight (Liang, 
et al., 2003). WMI (39%) had a slightly higher moisture content compared to NLM (36%). 
With a moisture content of < 40% all indicators were found present at levels between 104 - 
107/g wet weight (Table 4-1). 
4.3 Summer bioaerosol emission and dispersal at NuGrow Landscape Mixes 
(NLM)  
4.3.1 Meteorological data 
 The weather was dry and sunny with < 5% cloud cover. Wind direction varied 
throughout the day (> 180o) with wind speeds < 2 m/s (Appendix II, Fig. 2-1 & Table 2-2). 
Relative humidity (RH) remained below 40% with the exception of the nearest residential 
area, Redbank (64%). Temperatures ranged between 29.1 - 36.9oC (Fig. 4-1). Operational 
activity was high with a continuous stream of industrial traffic unloading waste in addition to 
screening and turning (Table 3-1). 
 
4.3.2 Potential compost-associated bioaerosol indicators 
 Both potential bioaerosol indicators decreased in concentration with increased 
distance from NLM in summer. Maximum values were recorded at control (218 CFU/m3) for 
A. fumigatus and 340 CFU/m3 for Thermoactinomycetes. Concentrations of A. fumigatus 
declined by 96% between 0 - 0.25 km (p = 0.05) from NLM and did not drop below 
background levels until 0.9 km downwind. Thermoactinomycetes also sharply declined 
between 0 - 0.25 km (p = 0.05), but did not drop below background values at any sampling 
distance (Fig. 4.1).  
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Figure 4-1. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with temperature (oC), 
relative humidity (%) and increasing distance (km) from NuGrow Landscape Mixes (NLM) 
in summer. Error bars represent standard deviations (n = 5). 
 
4.3.3 Bacterial and fungal bioaerosol indicators  
 For bacterial indicators, maximum values of total bacteria were found at control (0 
km) and 0.1 km at 1.1 x105 CFU/m3. Beyond 0.25 km, total bacteria concentrations dropped 
to below background levels of 1.4 x 103 CFU/m3, but were found at higher than background 
concentrations at 3 km-adjacent to the residential suburb of Redbank. Total coliforms were 
below LOD at several sampling distances (0.1 km, 0.25 km and 0.9 km). 
Thermoactinomycetes bioaerosol concentrations decreased with increasing distance, peaking 
at control (340 CFU/m3) dropping by 80% by 0.25 km, and did not return to background 
levels at any distance (Fig. 4-2).  
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Figure 4-2. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increased distance (km) from NuGrow Landscape 
Mixes (NLM) in summer. Error bars represent standard deviations (n = 5). 
 
For fungal indicators, total fungi increased in concentration from 0.25 - 3 km, with 
maximum values at background (-0.4 km) and 0.1 km, of 2.1 x 103 and 2.9 x 103 CFU/m3, 
respectively. Beyond 0.9 km A. fumigatus concentrations were below background 
concentrations (Fig. 4-3). In summary, only A. fumigatus decreased with increasing distance 
and remained below background concentrations at distances > 0.9 km. Although decreasing 
trends were apparent for total bacteria and Thermoactinomycetes, neither returned below 
background levels. Decreasing trends were not evident for total fungi and total coliform 
bioaerosols.  
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Figure 4-3. Comparison of dispersal profiles for fungal bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increased distance (km) from NuGrow Landscape 
Mixes (NLM) in summer. Error bars represent standard deviations (n = 5). 
4.4 Autumn bioaerosol emission and dispersal at NuGrow Landscape Mixes 
(NLM)  
4.4.1 Meteorological data 
 Weather was dry, sunny with moderate cloud cover (40%). Relative humidity 
remained below 40% dropping to its lowest of 21.6% (0.25 km). Temperatures ranged 
between 21.5 – 27.4oC, with a high of 27.4 oC at 0.25 km. Wind varied from an S to SE to 
SW throughout the day, with wind speeds no greater than 2 m/s (Appendix II, Fig. 2-2 & 
Table 2-4). Operational activity was moderate, with continuous screening and occasional 
trucks unloading in the bays throughout the day at NLM in autumn. 
 
4.4.2 Potential compost-associated bioaerosol indicators 
 Potential compost-associated bioaerosol indicators Thermoactinomycetes peaked at 
414 CFU/m3 at 0.1 km returning to below background concentrations at 0.5 km (p = 0.05). A 
decreasing trend was not evident for A. fumigatus, with maximum values at 0.25 km and 1 
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km (22 CFU/m3 and 20 CFU/m3) (p < 0.05). Lowest concentrations of both indicators were 
recorded at 0.5 km rather than at more distal sites (Fig 4-4). 
 
 
Figure 4-4. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with temperature (oC), 
relative humidity (%) and increasing distance (km) from NuGrow Landscape Mixes (NLM) 
in autumn. Error bars represent standard deviations (n = 5). 
 
4.4.3 Bacterial and fungal bioaerosol indicators 
 All bacterial bioaerosol indicators decreased in concentration with increasing distance 
from NLM. Total bacteria and Thermoactinomycetes had maximum values at 0.1 km of 1.3 x 
104 CFU/m3 and 414 CFU/m3. Total coliforms were found at maximum concentrations at 
control (0 km) (2.8 x 103 CFU/m3). All bacterial bioaerosol indicators dropped to near or 
below background values by 0.25 km (Fig. 4-5). Lowest temperatures and highest humidity 
were also observed at 0.25 km (Fig. 4-4).  
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Figure 4-5. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from NuGrow Landscape 
Mixes (NLM) in autumn. Error bars represent standard deviations (n = 5). 
 
For fungal bioaerosol indicators, total fungi were at lowest concentration at control (0 
km) (88 CFU/m3) with background concentrations of 5.7 x 102 CFU/m3. A decreasing trend 
was observed between 0.1 - 1 km. A progressive decreasing trend was not apparent for A. 
fumigatus, with maximum values of 22 CFU/m3 and 20 CFU/m3 at 0.25 km and 1 km, 
respectively (Fig. 4-6). All bacterial and fungal bioaerosol indicators concentrations dropped 
below, and remained below, background values by 0.5 km; with the exception of A. 
fumigatus.  
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Figure 4-6. Comparison of dispersal profiles for fungal bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from NuGrow Landscape 
Mixes (NLM) in autumn. Error bars represent standard deviations (n = 5). 
 
4.5 Winter bioaerosol emission and dispersal at NuGrow Landscape Mixes 
(NLM)  
4.5.1 Meteorological data 
 Weather was dry and sunny with no cloud cover. Relative humidity was highest at 
background (53.3%) gradually decreasing with distance to 24.1% at 3 km. Temperatures 
remained between 21 - 31.4oC (Appendix II, Table 2-5). The relative humidity remained 
between 28.5 - 35.6% and temperatures between 24.2 - 31.2oC for control samples taken 
simultaneously with increasing distance. Winds varied from a WNW early in the day to a 
WSW 15.00 onwards (Appendix II, Fig. 2-3 & Table 2-7). Wind gusts of 4.8 m/s and 4.1 m/s 
were recorded at control (Appendix II, Table 2-6). Operation activity was high, with 
continuous unloading/loading, screening and mixing of materials occurring within their 
relative locations at NLM in winter (Fig. 3-2). 
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4.5.2 Potential compost-associated bioaerosol indicators 
 For potential compost-associated bioaerosol indicators; maximum values were 2.4 x 
103 CFU/m3 at 0.25 km (A. fumigatus) (p = 0.01) and 3.9 x 102 CFU/m3 at 0.4 km 
(Thermoactinomycetes) (p = 0.003) both decreasing in concentration with distance to within 
background values by 1.25 km. At 3 km A. fumigatus bioaerosol concentrations were slightly 
higher than background values. Controls taken simultaneously with distance were both lower 
in concentration than distal results at 0.25 km (Fig. 4-7).  
 
 
Figure 4-7. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with simultaneously taken 
control and increasing distance (km) from NuGrow Landscape Mixes (NLM) in winter. Error 
bars represent standard deviations (n = 5). 
 
4.5.3 Bacterial and fungal bioaerosol indicators 
 For bacterial indicators, maximum values of total bacteria were captured at 0.1 km at 
2.2 x 104 CFU/m3 and decreased with distance, only dropping below background 
concentrations at 3 km. The most significant drop in total bacteria concentrations was 
between 0.1 – 0.4 km, dropping by 1.9 x 104 CFU/m3 (> 80%). Total coliforms maximum 
concentrations were 2.4 x 103 CFU/m3 at control. Elevated concentrations was also evident at 
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0.4 km (1.4 x 103 CFU/m3) but was within background concentrations at 1.25 km and below 
at 3 km (16 CFU/m3). Thermoactinomycetes were present at lowest concentrations of all 
bacterial indicators. Simultaneously taken control sample concentrations were lower than 
distal concentrations at 0.1 km (Fig. 4-8).  . 
  
 
Figure 4-8. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with simultaneously taken control and increasing distance 
(km) from NuGrow Landscape Mixes (NLM) in winter. Error bars represent standard 
deviations (n = 5). 
 
 For fungal indicators, both total fungi (7.9 x 103 CFU/m3) and A. fumigatus (2.4 x 103 
CFU/m3) maximum values were observed at 0.25 km. Total fungi bioaerosol concentrations 
remained constant between 234–556 CFU/m3 from 0.5 km onwards. Bioaerosol 
concentrations for control samples taken simultaneously with those taken at distance were 
higher than distal concentrations, except at 0.25 km (Fig. 4-9). In summary, total bacteria was 
the only bioaerosol indicator to decrease in concentration with distance. All other bioaerosol 
indicators were found at higher concentrations between 0 - 0.5 km; this was also evident for 
all bacterial simultaneous-control samples, where samples were collected simultaneously at 
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the positive control site with those at increased distance downwind. All bioaerosol indicators 
except A. fumigatus dropped below background values by 3 km. 
 
 
Figure 4-9. Comparison of dispersal profiles for fungal bioaerosol indicator mean 
concentrations (Log10 CFU/m3) with simultaneously taken control samples and increasing 
distance (km) from NuGrow Landscape Mixes (NLM) in winter. Error bars represent 
standard deviations (n = 5). 
 
4.6 Spring bioaerosol emission and dispersal at NuGrow Landscape Mixes 
(NLM)   
4.6.1 Meteorological data 
 Weather was dry and sunny with < 5% cloud cover. Relative humidity peaked at 
background (50.6%) and remained between 30 - 37.6% with increasing distance. 
Temperatures were between 27.4 - 32.7oC. Winds varied from a NW early in the day to a 
NNE 10.00 onwards (Appendix II, Fig. 2-4 & Table 2-10). Wind gusts up to 4.5 m/s were 
recorded at control (Appendix II, Table 2-9). Operational activity was moderate, with 
continuous screening of windrow material occurring. 
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4.6.2 Potential compost-associated bioaerosol indicators 
 The potential compost-associated indicator, Thermoactinomycetes was elevated at 0.1 
km (430 CFU/m3), returning to below background concentrations by 0.25 km (p = 0.02). A. 
fumigatus concentrations maximum values were measured at control (0 km) (105 CFU/m3) 
and 0.25 km (74 CFU/m3) (p = 0.001), and dropping to 16 CFU/m3 at 0.1 km; but did not 
drop below background concentrations at any distance to 2 km. Only at 0.25 km did 
Thermoactinomycetes controls exceed background levels, unlike A. fumigatus where facility-
distal concentrations did not exceed simultaneously collected, control concentrations (Fig. 4-
10). 
 
 
Figure 4-10. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with simultaneously taken 
control samples and increasing distance (km) from NuGrow Landscape Mixes (NLM) in 
spring. Error bars represent standard deviations (n = 5). 
 
4.6.3 Bacterial and fungal bioaerosol indicators 
 For bacterial bioaerosol indicators, both total bacteria and total coliforms peaked at 
0.1 km at 2.2 x 104 CFU/m3 and 1.1 x 104 CFU/m3, thereafter decreasing with distance. Total 
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bacteria returned to background levels by 2 km. Total coliforms were below background 
concentrations and remained below at distances > 0.25 km (Fig 4-11).  
 
 
Figure 4-11. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with simultaneously collected control samples and increasing 
distance (km) from NuGrow Landscape Mixes (NLM) in spring. Error bars represent 
standard deviations (n = 5). 
 
 For fungal bioaerosol indicators, no obvious decreasing trend was evident for total 
fungi. Following an initial decrease, total fungi concentrations fluctuated at increased 
distances from 0.1 km to 2 km, with maximum concentration recorded at 2 km (5.5 x 103 
CFU/m3). Both control and distance samples for total fungi and control samples for A. 
fumigatus followed this same trend (Fig. 4-12). Overall all bacterial bioaerosol indicators 
decreased in concentration with increasing distance, with total coliforms and 
Thermoactinomycetes below background concentrations at 0.25 km and total bacteria at 2 
km. Neither total fungi nor A. fumigatus returned near to or below background levels at any 
distance. 
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Figure 4-12. Comparison of dispersal profiles for fungal bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with simultaneously collected control samples and increasing 
distance (km) from NuGrow Landscape Mixes (NLM) in spring. Error bars represent 
standard deviations (n = 5). 
 
4.7 Summer bioaerosol emission and dispersal at Wood Mulching Industries 
(WMI) 
4.7.1 Meteorological data 
 Weather was sunny, dry, and the sky was clear with few clouds (< 5%). Relative 
humidity remained between 34.6 – 49.5% peaking at final sampling event adjacent to the 
Ripley rural residential area (3.6 km). Temperatures ranged between 31.2 - 32.1oC at sampled 
distances < 1 km from control dropping to 27.6oC at 3.6 km later in the day (17.05 – 17.50). 
There was a constant ENE wind varying from 0.6 - 2.7 m/s (Appendix III, Tables 3-1, 3-2 & 
Fig. 3-1). Operational activity was low, with only several trucks unloading new waste. No 
shredding, sorting or other forms of agitation took place during sampling, but truck dust was 
noted on several agar medium plates at 0.1 km. 
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4.7.2 Potential compost-associated bioaerosol indicators  
 The potential bioaerosol indicators Thermoactinomycetes and A. fumigatus maximum 
values were found at 0.1 km, 3.1 x 103 CFU/m3 and 1.5 x 102 CFU/m3. Beyond 0.5 km A. 
fumigatus returned to near-maximum values by 3.6 km, whereas Thermoactinomycetes 
remained below background concentrations beyond 0.5 km (Fig. 4-13). 
 
 
Figure 4-13. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with temperature (oC), 
relative humidity (%) and increasing distance (km) from Wood Mulching Industries (WMI) 
in summer. Error bars represent standard deviations (n = 5). 
 
4.7.3 Bacterial and fungal bioaerosol indicators 
 All bacterial bioaerosol indicators, other than total coliforms, were found at highest 
concentrations at 0.1 km, with maximum values for total bacteria at 1.7 x 104 CFU/m3, 
returning to background levels by 1 km. Total coliform concentrations decreased with 
distance from WMI and were found at maximum values at background (-0.4 km) rather than 
control or downwind of WMI. A decrease in concentration with increasing distance from 
WMI was observed for Thermoactinomycetes after a maximum value of 3.17 x 103 CFU/m3 
at 0.1 km, dropping to below background levels by 0.5 km (Fig. 4-14).  
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Figure 4-14. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from Wood Mulching 
Industries (WMI) in summer. Error bars represent standard deviations (n = 5). 
 
Similarly to A. fumigatus, total fungi did not decrease to background concentrations 
with distance (Fig. 4-15). Instead total fungi progressively increased in concentration to 840 
CFU/m3 at 3.6 km. Following a maximum value of 150 CFU/m3 at 0.1 km, A. fumigatus 
dropped to 21 CFU/m3 at 0.25 km, and then gradually increased with distance to a 
concentration at 3.6 km similar to that at 0.1 km (Fig. 4-15). In summary, only 
Thermoactinomycetes and total bacteria returned to below background concentrations by 0.5 
km and 1 km. Total fungi increased in concentration from background (-0.4 km) to 3.6 km. 
Total coliforms did decrease in concentration with increasing distance, but highest values 
were recorded at background (-0.4 km) rather than control (0 km). A. fumigatus did not return 
to below background concentrations with distance. 
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Figure 4-15. Comparison of dispersal profiles for fungal bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from Wood Mulching 
Industries (WMI) in summer. Error bars represent standard deviations (n = 5). 
 
4.8 Autumn bioaerosol emission and dispersal at Wood Mulching Industries 
(WMI) 
4.8.1 Meteorological data 
 Weather was dry and sunny with 70 - 80% cloud cover and minimal direct sun whilst 
sampling. Relative humidity remained below 48% except for background (77.5%). 
Temperatures ranged between 22.3 - 27oC with the exception of 16.8 oC at background. The 
wind varied from a SE to ESE direction throughout the day, with wind speeds > 2 m/s only at 
0.25 km (Appendix III, Tables 3-3, 3-4 and Fig.3-2). Operation activity was low, with 
screening and movement of screened material the only activity observed. 
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4.8.2 Potential compost-associated bioaerosol indicators 
 Both potential bioaerosol indicators decreased in concentration with increasing 
distance from WMI. Maximum values of 104 CFU/m3 for Thermoactinomycetes and 10 
CFU/m3 for A. fumigatus were observed at control (0 km) and both were below background 
levels at 0.25 km (Thermoactinomycetes) (p = 0.04) and 1 km (A. fumigatus) (p = 0.1) (Fig. 
4-16). 
 
 
Figure 4-16. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with temperature (oC), 
relative humidity (%) and increasing distance (km) from Wood Mulching Industries (WMI) 
in autumn. Error bars represent standard deviations (n = 5). 
 
4.8.3 Bacterial and fungal bioaerosol indicators 
 For bacterial bioaerosol indicators, total bacteria concentrations were at maximum 
values at 0.1 km (1.0 x 104 CFU/m3) returning to below background levels by 0.25 km. Total 
coliforms peaked at control (2.64 x 103 CFU/m3), dropping to below background 
concentrations by 0.1 km, increasing again at 0.25 km (2.7 x 103 CFU/m3) then dropping and 
remaining below background levels from 1 km onwards. Thermoactinomycetes progressively 
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decreased with increasing distance from control, returning to below background 
concentrations by 0.25 km (Fig. 4-17).  
 
 
Figure 4-17. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from Wood Mulching 
Industries (WMI) in autumn. Error bars represent standard deviations (n = 5). 
 
 For fungal bioaerosol indicators, A. fumigatus concentrations progressively decreased 
with increasing distance from WMI, returning to background concentrations by 1 km. Total 
fungi were lowest in concentration at control (0 km) and 0.1 km than background levels. 
Increasing from 0.25 km to 2.1 km (1.12 x 103 CFU/m3) (Fig. 4-18). In summary, total 
bacteria and Thermoactinomycetes were below background concentrations by 0.25 km, with 
total coliforms and A. fumigatus at 1 km. Total fungi did not return to background levels at 
any distance to ca. 2 km. 
 
 
  
 
64 
 
 
Figure 4-18. Comparison of dispersal profiles for fungal bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from Wood Mulching 
Industries (WMI) in autumn.  Error bars represent standard deviations (n = 5). 
 
4.9 Winter Bioaerosol emission and dispersal at Wood Mulching Industries 
(WMI) 
4.9.1 Meteorological data 
 Weather was dry and sunny with cloud cover increasing throughout the day (0 - 40% 
as the day progressed). Relative humidity remained between 36.3 - 44.5%, peaking at 
midday.  Temperature gradually increased from 20.7oC to 28.9oC peaking at 1 km (12.55 – 
13.25). The wind varied from a NW to NE direction throughout the day with observed wind 
speeds between 0.9 - 3.9 m/s (Appendix III, Tables 3-5, 3-6, 3-7 & Fig. 3-3). Operational 
activity was moderate, with several truck arrivals throughout the sampling period. Screening 
and movement of windrow material were continuous. 
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4.9.2 Potential compost-associated bioaerosol indicators 
 Both potential bioaerosol indicators decreased in concentration with increasing 
distance (Fig. 4-19). A. fumigatus peaked at control (1.1 x 102 CFU/m3) and 
Thermoactinomycetes at 0.15 km (1.3 x 103 CFU/m3). By 0.5 km A. fumigatus had dropped 
below background levels (6 CFU/m3) while Thermoactinomycetes dropped slightly at 0.15 
km, rose again at 0.5 km, then decreased to 17 CFU/m3 but failed to return below background 
level of 10 CFU/m3 (Fig. 4-19). Control samples taken simultaneously with those at distance 
from the facility showed greatest reduction between 0.15 – 1 km. Samples taken at increased 
distance, such as 0.1 – 0.25 km (p = 0.01) for A. fumigatus and 0.25 – 0.5 km (p = 0.01) for 
Thermoactinomycetes were in higher concentrations than those recorded at control. 
 
 
Figure 4-19. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with simultaneous taken 
control and increasing distance (km) from Wood Mulching Industries (WMI) in winter. Error 
bars represent standard deviations (n = 5). 
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4.9.3 Bacterial and fungal bioaerosol indicators 
 For bacterial bioaerosol indicators, both total coliforms and total bacteria 
progressively decreased in concentration with distance, dropping below background 
concentrations by 1 km. Total coliforms remained below control concentrations at each 
distance. Total bacteria only exceeded controls concentrations at 0.25 km by 244 CFU/m3 
(Fig 4-20).  
 
 
Figure 4-20. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with simultaneous taken control and increasing distance (km) 
from Wood Mulching Industries (WMI) in winter. Error bars represent standard deviations (n 
= 5). 
 
 
 For fungal bioaerosol indicators, total fungi concentrations decreased with increasing 
distance, with maximum values at control at 940 CFU/m3 and for simultaneous control 
samples at 0.15 km (2.9 x 104 CFU/m3) (Fig. 4-21). Overall all bioaerosol indicators 
decreased in concentration with increasing distance, with total bacteria and total coliforms 
below background levels at 1 km, total fungi at 0.25 km and A. fumigatus at 0.5 km. Only 
Thermoactinomycetes remained above background values at all distances tested. 
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Figure 4-21. Comparison of dispersal profiles for fungal bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with simultaneous taken control and increasing distance (km) 
from Wood Mulching Industries (WMI) in winter. Error bars represent standard deviations (n 
= 5). 
 
4.10 Spring bioaerosol emission and dispersal at Wood Mulching Industries 
(WMI) 
4.10.1 Meteorological data 
 Weather was very dry and sunny with no cloud cover. Relative humidity remained 
between 35.9 – 39.8% dropping to only 14% by late afternoon (2 km). Temperature remained 
above 30oC (Fig. 4-22). Wind direction was difficult to determine, varying between N and W 
(90o). Wind speeds ranged between 0.7 – 4.1 m/s (Appendix III, Tables 3-8, 3-9 & Table 3-
4). Operational activity was moderate. Screening of windrow material was the only 
continuous activity, but windrow turning did occur adjacent to the sampling site at 0.25 km. 
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4.10.2 Potential compost-associated bioaerosol indicators 
 Concentrations of the potential bioaerosol indicators Thermoactinomycetes  
progressively decreased with increasing distance from control, with a > 90% decrease by 1 
km (p = 0.03) (Fig. 4-22). Concentrations did not drop below background levels (10 CFU/m3) 
but returned near to by 2 km (14 CFU/m3). A. fumigatus bioaerosol concentrations reached a 
maximum value at 0.25 km (46 CFU/m3) (p = 0.001) decreasing to 18 CFU/m3 by 2 km (Fig. 
4-22). 
 
 
Figure 4-22. Comparison of dispersal profiles for potential bioaerosol indicators A. fumigatus 
and Thermoactinomycetes mean concentrations (Log10 CFU/m3) with temperature (oC), 
relative humidity (%) and increasing distance (km) from Wood Mulching Industries (WMI) 
in spring. Error bars represent standard deviations (n = 5). 
 
4.10.3 Bacterial and fungal bioaerosol indicators 
 All bacterial bioaerosol indicators decreased with increasing distance from WMI, 
with maximum values at control for Thermoactinomycetes (2.4 x 103 CFU/m3) and total 
bacteria (2.4 x 104 CFU/m3); and at 0.1 km for total coliforms (8.0 x 103 CFU/m3). The 
greatest decline was recorded for total bacteria between 0.1 – 0.5 km by 2-log10 (i.e. 100-
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fold). By 1 - 2 km distance all bacterial indicators were similar to background concentrations 
(Fig 4-23).  
 
Figure 4-23. Comparison of dispersal profiles for bacterial bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from Wood Mulching 
Industries (WMI) in spring. Error bars represent standard deviations (n = 5). 
 
 
 For fungal bioaerosol indicators, total fungi and A. fumigatus did not decline with 
distance but showed similar trends, each dropping in concentration at 0.1 km with maximum 
concentration at 0.25 km (Fig. 4-24). Total fungi plates contained predominantly A. 
fumigatus. Overall, the bacterial bioaerosol indicators total bacteria and total coliforms 
dropped below background values by 1 km, and Thermoactinomycetes to a similar level by 2 
km. For fungal bioaerosol indicators, neither total fungi nor A. fumigatus dropped below 
background concentrations at any distance to 2 km. 
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Figure 4-24. Comparison of dispersal profiles for fungal bioaerosol indicators mean 
concentrations (Log10 CFU/m3) with increasing distance (km) from Wood Mulching 
Industries (WMI) in spring. Error bars represent standard deviations (n = 5). 
 
4.11 Seasonal mean bioaerosol concentrations from NuGrow Landscape Mixes 
(NLM)  
 Figures illustrating the seasonal mean distribution of all organisms with increasing 
distances (km) from NuGrow Landscape Mixes (NLM), with background concentrations 
included. 
 
4.11.1 Seasonal mean bioaerosol concentrations of potential compost-associated 
indicators 
 Seasonal mean bioaerosol concentrations of Thermoactinomycetes from NLM showed 
little variation between seasons, with the maximum concentration of 430 CFU/m3 observed in 
spring at 0.1 km near that of autumn at 414 CFU/m3. Background bioaerosol concentrations 
for Thermoactinomycetes in spring (244 CFU/m3) were 1-log10 higher than other seasons (Fig 
4-25).  
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Figure 4-25. Comparison of dispersal profiles for seasonal mean bioaerosol concentrations of 
Thermoactinomycetes (Log10 CFU/m3) with increasing distances (km) from NuGrow 
Landscape Mixes (NLM) with background concentrations included. Error bars represent 
standard deviations (n = 5). 
 
 Maximum seasonal concentrations of A. fumigatus from NLM were observed in 
winter at 0.25 km (2.4 x 103 CFU/m3). Higher concentrations of A. fumigatus at control sites 
were recorded in winter (344 CFU/m3) compared to summer (218 CFU/m3) and spring (105 
CFU/m3). Concentrations substantially above controls were evident on each seasonal 
sampling day at increased distance, particularly between 0.25 km and 1 km (Fig. 4-26). 
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Figure 4-26. Comparison of dispersal profiles for seasonal mean bioaerosol concentrations of 
Aspergillus fumigatus (Log10 CFU/m3) with increasing distance (km) from NuGrow 
Landscape Mixes (NLM). Error bars represent standard deviations (n = 5). 
 
4.11.2 Seasonal mean bioaerosol concentrations of total culturable fungi, total 
bacteria and total coliforms 
 Maximum seasonal mean bioaerosol concentrations for total fungi within NLM 
boundaries (< 0.5 km) were observed in winter. These peaked at 7.9 x 103 CFU/m3 at 0.25 km 
(likely due to windrow turning adjacent to 0.25 km sampling site.) Total fungi concentrations 
did not progressively decrease with distance. This was evident in spring where highest 
concentrations were recorded at 2 km (5.5 x 103 CFU/m3) (Fig. 4-27). 
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Figure 4-27. Comparison of dispersal profiles for seasonal mean bioaerosol concentrations of 
total fungi (Log10 CFU/m3) with increasing distance (km) from NuGrow Landscape Mixes 
(NLM). Error bars represent standard deviations (n = 5). 
 
Maximum seasonal mean bioaerosol concentrations of total bacteria were recorded at 
0.1 km in spring and winter (both at 2.2 x 104 CFU/m3) followed by autumn at 1.3 x 104 
CFU/m3. Lowest concentrations were found in summer at control (1.0 x 104 CFU/m3). The 
highest background concentration compared to the other seasons occurred in autumn (Fig. 4-
28). 
 
 Seasonal mean bioaerosol concentrations for total coliforms were highest in spring at 
1.1 x 104 CFU/m3 and were found at low concentrations in summer (12 CFU/m3 at 0.5 km 
and 3 km). Maximum concentrations for total coliform bioaerosols occurred at control in 
autumn and winter (2.8 x 103 CFU/m3 and 2.5 x 103 CFU/m3). Unlike total bacteria or 
Thermoactinomycetes, background concentrations of total coliforms varied between all 
seasons (up to 3-log10) (Fig. 4-29). 
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Figure 4-28. Comparison of dispersal profiles for seasonal mean bioaerosol concentrations of 
total bacteria (Log10 CFU/m3) with increasing distance (km) from NuGrow Landscape Mixes 
(NLM). Error bars represent standard deviations (n = 5). 
 
 
Figure 4-29. Comparison of dispersal profiles for seasonal mean bioaerosol concentrations of 
total coliforms (Log10 CFU/m3) with increasing distance (km) from NuGrow Landscape 
Mixes (NLM). Error bars represent standard deviations (n = 5). 
  
 
75 
 
4.11.3 Seasonal mean bioaerosol concentrations from NLM 
 For seasonal mean bioaerosol concentrations from NLM, maximum mean 
concentrations of bacterial indicators (including Thermoactinomycetes) were observed in 
spring. Minimum concentrations were recorded in summer and autumn (Fig 4-30). Fungal 
indicators were highest in winter and lowest in autumn.  
 
 
Figure 4-30. Mean seasonal bioaerosol concentrations (Log10 CFU/m3) at NuGrow Land 
Mixes (NLM). 
 
4.12 Seasonal mean bioaerosol concentrations from Wood Mulching Industry 
(WMI)  
 As with NLM, figures for WMI are expressed as potential compost-associated 
bioaerosol indicators (A. fumigatus and Thermoactinomycetes) and total culturable fungi, 
total bacteria and total coliforms. The comparison of mean seasonal bioaerosol 
concentrations over all distances is included. 
 
4.12.1 Seasonal mean bioaerosol concentrations of potential compost-associated 
indicators 
 Maximum mean seasonal bioaerosol concentrations of Thermoactinomycetes were 
found closer to the facility in summer; 3.1 x 103 CFU/m3 at 0.1 km, followed by spring at 2.4 
x 103 CFU/m3 and autumn (1.9 x 103 CFU/m3). Winter concentrations were lowest at 3 x 102 
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CFU/m3. Background mean concentrations were higher in summer and autumn samples (Fig 
4.39).  
  
 
Figure 4-31. Comparison of dispersal profiles for seasonal mean bioaerosol concentrations of 
Thermoactinomycetes (Log10 CFU/m3) with increasing distance (km) at Wood Mulching 
Industries (WMI). Error bars represent standard deviations (n = 5). 
 
 Highest mean seasonal A. fumigatus bioaerosol concentrations were found in summer 
and winter, with maximum values of 150 CFU/m3 at 0.1 km and 116 CFU/m3 at 0.15 km; 
decreasing to 48 CFU/m3 at 0.25 km in spring. Lowest mean concentrations were found in 
autumn at 18 CFU/m3 at control and 0.1 km (Fig 3.40).   
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Figure 4-32. Comparison of dispersal profiles for seasonal mean bioaerosol concentrations of 
A. fumigatus (Log10 CFU/m3) with increasing distance (km) at Wood Mulching Industries 
(WMI). Error bars represent standard deviations (n = 5). 
 
4.12.2 Seasonal mean bioaerosol concentrations of total culturable fungi, total 
bacteria and total coliforms  
 Seasonal mean bioaerosol concentrations of total fungi were in highest concentrations 
in winter at controls (0 km) (5.9 x 103 CFU/m3). Interestingly, this was not observed for any 
other seasonal events (Fig. 4-33). Excluding the winter 0.25 km total fungi value, all other 
concentrations were below those recorded in summer and autumn from 0.5 km to must distal 
sites tested, with lowest concentrations of fungi collected in spring. 
 
 Seasonal mean total bacteria bioaerosol concentrations were the highest of all 
indicators, with maximum concentrations in spring and summer at control (2.4 x 104 
CFU/m3) and 0.1 km (1.7 x 104 CFU/m3) (Fig. 4-34). Autumn and winter maximum values 
were similar, both peaking at 1.0 x 104 CFU/m3 at 0.1 km (autumn) and 0.15 km (winter). 
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Figure 4-33. Comparison of dispersal profiles for seasonal mean concentrations of total fungi 
(Log10 CFU/m3) with increasing distance (km) from Wood Mulching Industries (WMI). Error 
bars represent standard deviations (n = 5). 
 
 
Figure 4-34. Comparison of dispersal profiles for seasonal mean concentrations of total 
bacteria (Log10 CFU/m3) with increasing distance (km) from Wood Mulching Industries 
(WMI). Error bars represent standard deviations (n = 5). 
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 Seasonal mean bioaerosol concentrations of total coliforms were at maximum values 
in spring at 8.0 x 103 CFU/m3. Lowest concentrations were recorded in summer where values 
did not exceed 100 CFU/m3 (Fig. 4-35). 
 
 
Figure 4-35. Comparison of dispersal profiles for seasonal mean concentrations of total 
coliforms (Log10 CFU/m3) with increasing distance (km) from Wood Mulching Industries 
(WMI). Error bars represent standard deviations (n = 5). 
 
4.12.3 Seasonal mean bioaerosol concentrations at WMI 
 For seasonal mean bioaerosol concentrations at WMI, almost all bacterial indicators 
(including Thermoactinomycetes) were found at higher mean concentrations in spring and 
summer. Total coliforms were the exception, with maximum and minimum mean 
concentrations in spring and summer, respectively. Temperatures for the majority of 
sampling at distance exceeded 30oC (Appendix III, Tables 4.12 & 4.19). Fungal indicators 
were harder to interpret, as both maximum and mean concentration showed seasonal 
variability. For example A. fumigatus mean and maximal concentrations were highest in 
summer, unlike total fungi, where maximum concentrations were recorded in winter (Fig. 4-
32, 4-33 & 4-36).  
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Figure 4-36. Mean seasonal counts of bioaerosol concentrations (Log10 CFU/m3) at Wood 
Mulching Industries (WMI). 
4.13 Aflatoxin positive (+) Aspergillus spp. at NLM and WMI 
 Aflatoxin positive (+) Aspergillus spp. from NLM and WMI exhibited three main 
distinguishing features: distinct yellow/orange reverse, beige ring around mycelia outer edge 
and blue/green fluorescence under UV (365 nm). The beige ring was occasionally difficult to 
distinguish with the naked eye, and therefore unreliable if not combined with the other 
distinguishing morphological features mentioned above. Seasonal aflatoxin producing 
Aspergillus spp. results from both composting facilities are illustrated in Table 4-2. 
 
 Aflatoxin positive (+) Aspergillus spp. strains were found upwind and downwind 
from NLM in spring and winter. More (+) isolates were observed in spring samples. In total, 
7 of 9 background samples (77%) and 10 of 11 positive (+) isolates (90%) found at 0.1 km 
were aflatoxin positive (+). The majority of spring isolates at control (0 km) were aflatoxin 
negative (-).  In autumn and summer, aflatoxin-positive strains were found at greater 
distances from NLM. In summer the majority of aflatoxin positive (+) strains were detected 
at 0.25 km and 0.4 km, with 87% testing positive (+). Only three positive (+) isolates were 
found at NLM in autumn, the lowest recorded level of all seasons examined (Table 4-2).  
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 At WMI in spring, the majority of strains were aflatoxin negative (-), with only 5 of 
15 (33%) positive for fluorescence under UV light (365 nm). In autumn 100% of isolates 
were aflatoxin positive (+) with the majority of Aspergillus spp. isolates at 0.1 km distance. 
In winter, the majority of samples were found at distances near the facility (< 0.5 km), with 
87% testing aflatoxin positive (+) (Table 4-2).  
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Facility 
 
Season 
 
Distance 
Total no. of isolates 
with orange reverse on 
isolation (AFPA) 
No. of isolates 
Aflatoxin (+)  
(PDA+C) 
 
 
 
 
 
 
NLM 
Spring Background 9 7 
Control (0 km) 5 1 
0.1 km 11 10 
Summer Control (0 km) 1 1 
0.25 km 2 2 
0.4 km 3 2 
3 km 1 1 
Autumn Control (0 km) 2 2 
1 km 1 1 
Winter Background  1 1 
Control (0 km) 2 2 
0.1 km 1 0 
1.25 km 3 1 
2 km 1 0 
 
 
 
 
 
 
WMI 
Spring 0.1 km 1 0 
0.25 km 4 0 
0.5 km 9 5 
1 km 1 0 
Summer Control (0 km) 2 2 
0.1 km 1 1 
0.5 km 1 0 
1 km 1 1 
Autumn 0.1 km 3 3 
0.25 km 1 1 
Winter Control (0 km) 3 2 
0.1 km 1 1 
0.25 km 2 2 
1 km 1 1 
Table 4-2. Seasonal aflatoxin positive (+) Aspergillus spp. bioaerosols at NLM and WMI 
isolated and presumptively identified on AFPA and confirmed using PDA+C.  
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Chapter 5: Discussion 
On-site composting operations provide a risk from bioaerosol emission and dispersion 
to employees and surrounding residents due to the potential health hazards associated with 
compost-associated microorganisms.  Therefore, it is important to determine the extent of 
bioaerosol emission and dispersal to establish appropriate assess health risk.  This study 
developed a method using potential and generalised compost-associated bioaerosol indicators 
to collect data to assess the release and dispersal of bioaerosols from two open-air industrial 
green waste compost facilities in Swanbank, Queensland, viz., NuGrow Landscape Mixes 
(NLM) and Wood Mulching Industries (WMI). Bioaerosol concentrations and the 
presence/absence of aflatoxin-producing Aspergillus spp. at background (upwind), on-site 
and downwind from the two industrial green waste compositing facilities were also 
measured.  This included the potential compost-associated bioaerosol indicators A. fumigatus 
and Thermoactinomycetes as well as more general microbiological indicators such as total 
culturable bacteria, total culturable fungi and total coliforms. Overall, concentrations of these 
bioaerosol indicators were found higher within the facility boundaries (up to 0.5 km, 
indicated by fencing or woodland buffers) than background concentrations, or at distances > 
0.5 km from each facility. These results are consistent with previous studies, as higher 
environmental concentrations of such bioaerosols are associated with compost related 
activities (Drew, et al., 2006; Taha, et al., 2006; Herr, et al., 2003; Hryhorczuk, et al., 2001).  
5.1  Evaluation of methodology  
5.1.1  Sampling Method 
 Comparisons of previous bioaerosol sampling methods are reviewed in Chapter 2, 
sections 2.11-2.13. Sampling is often constrained and/or defined by the practical availability 
and application of sampling logistics (Jensen, et al., 1998). The sampling technique used in 
this study was direct agar impaction using the SAS Super 100 (100 L/min) with selective 
media for the respective target compost associated microorganisms (Fracchia, et al., 2006).  
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A review of the literature indicated the most commonly used impaction samplers for 
environmental sampling of bioaerosols include the Andersen sampler (single or multi-
staged), SAS, and Burkhart samplers.  Performance comparison of these three samplers 
demonstrated no statistical difference, indicating comparable collection efficiencies (Mehta, 
Mishra, & Pierson, 1996). This study used the SAS Super 100 (100 L/min) impaction 
sampler. Its portability (battery operated), robust construction (metal and aluminium), ease of 
use and running cost made it optimal for outdoor sampling in remote environmental 
locations.  Excluding bioaerosol sampler purchase cost ($7500 – $9000 AU), the cost of 
operation and selective media are relatively inexpensive ($0.5 - $4.00 AUSD per plate), with 
only one plate required per sample. The SAS sampler does not require specialist personnel 
for operation; simply the removal of the threaded impactor head to change or remove media 
plates and for disinfection between samples. Lach (1985) estimated the SAS Super 100 
collection efficiency at 100% for all bioaerosols existing in a natural environment. However, 
this conflicts with former study findings reporting sampling efficiency ranges between 50 - 
75% for bacteria and almost 100% for fungi with a cut off size (d50) between 2.1 - 4 µm (Yao 
& Mainelis, 2006; Mehta, et al., 1996). 
 
 Impaction sampling is an ideal method for the extensive sampling programme in this 
project due to low cost and simplicity of enumeration. Enumeration techniques suitable for 
the measurement of bioaerosols using the SAS Super 100 impaction sampler are limited to 
culture-based methods. Culture-based methods using selective media are less costly 
(depending on identification confirmation technique) compared to non-culture methods as 
only isolation, identification and enumeration of chosen analytes is required. Non-culturable 
methods include the direct counting of all viable and non-viable cell using microscopy. Other 
disadvantages include; practicable only for fungal spores, ascospores and conidia (i.e. not 
bacteria), generally higher per-sample cost, more labour intensive, requires a highly-skilled 
analyst, and not reflective of potential infectivity (Dungan & Leytem, 2009; Douwes, et al., 
2003). Culture-based techniques are widely used in bioaerosol monitoring, with extensive 
available data published regarding sample collection and recovery efficiencies (Park, Yoon, 
Kim, Park, & Hwang, 2011; Albrecht, Witzenberger, Bernzen, & Jackel, 2007; Sykes, et al., 
2007). Both collection and enumeration of microorganisms are relatively easy to perform, 
with direct isolation of microorganisms onto selective media. Multiple samples can be 
collected, requiring only disinfection of the sampler head between sampling sites/events. This 
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is in contrast to impingement techniques where samples require further substantial post-
collection processing before enumeration, a vacuum pump, and generally fragile, single-use 
sampling apparatus. 
 
5.1.2 Sampling strategy 
 The protocol programme trialled involved sampling at a chosen positive control 
location whilst simultaneously sampling at predetermined distances downwind (n = 5 at each 
distance) to obtain representative bioaerosol results. The hypothesis was that control (within 
or immediately adjacent to composting operations) concentrations would generally exceed 
those at downwind locations due to the proximity to source and the changing characteristics 
of the bioaerosol while airborne over distance (dilution, die-off, etc). This method required 
two of each sampling apparatus (e.g. SAS samplers, portable hand held multimeters, tripods, 
sampling media) and operational personnel. Due to equipment failure (one unit required 
custom rechargeable battery replacement) and sampling logistics (lack of personnel) this was 
only performed at NLM for two sampling events (winter & spring) and at WMI in winter. 
Simultaneous sampling was originally proposed to obtain parallel, temporally representative 
bioaerosol results, but the variability  between replicate controls results, as well as and 
sampling logistics (twice the personnel, media and lab/sampling time-see above) resulted in a 
change to consecutive sampling, i.e. progressing from background to control to increasing 
distances. No statistical significance was determined with simultaneous samples compared to 
those sampled consecutively at distance (p < 0.05) (Appendix IV).  
 
 The sampling distances selected represented sites at increased distances from a 
chosen control (< 10 m adjacent and downwind of area of high operational activity).  These 
included distances within the facilities boundaries (0 - 0.5 km) and others at increased 
distance towards nearby residential areas (> 0.5 km). Sampling distances used by other 
researchers in their composting facility monitoring programmes vary substantially, ranging 
from a “positive control” within the facility itself to its location at the facility boundary, 
dependant on research aim. Wheeler et al. (2001) focused on monitoring within the facility, 
measuring upwind and at 0.2 and 0.3 km downwind from a positive control. Neef et al. 
(1999) and Herr et al. (2004) concentrated on sampling at distances beyond facilities 
boundaries and downwind residential locations. Recer et al. (2001) concentrated on a 
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residential area nearby a composting facility and sampled from the facility boundary but 
within 30 m of nearest compost windrow. These disparities make sampling distance 
comparison difficult, particularly in terms of what constitutes a positive control or facility 
boundary.  This study concentrated on bioaerosol emission from a positive control < 10 m 
adjacent and downwind of an area of high operational activity. All positive controls were 
approximately 0.5 km from the facilities boundary. 
 
 The pre-determined sampling distances originally chosen were to represent the 
progressive decline of bioaerosol concentrations with increasing distance from each 
composting facility. Sampling (n = 5) for each bioaerosol indicator at each distance was time 
consuming and labour intensive, and given the intrinsic variability in bioaerosol 
concentrations, increasing numbers of replicates to reduce uncertainty is a practice of 
progressively declining return. Therefore, the results from this study could be used to 
determine optimal sampling distances and assess practicality for future bioaerosol 
monitoring. Paired t-tests were applied to identify the significant differences [to a 95% 
confidence level (p = < 0.05)] between all bioaerosol indicator viable counts from upwind 
sites (background) against those at increased distance (Appendix IV, Tables 4-1 – 4-10). It 
was presumed more significant differences (p < 0.05) would be observed at sites closer to 
areas of potential bioaerosol dispersal (0 - 0.5 km) than those at increased distance (> 0.5 
km). Although this was found to be true for the majority of bioaerosol indicators at both 
composting facilities, significant differences (p < 0.05) were mainly observed at distances of 
0.1 km and 0.25 km rather than at control (0 km) (Appendix IV, Tables 4-1 – 4-10). This 
could be attributed to the majority of bioaerosol indicators maximum values being recorded 
between 0.1 – 0.25 km. Only when maximum bioaerosol concentrations were recorded at 
control (0 km) were differences deemed significant (p < 0.05); for example, NLM in summer 
(Appendix IV, Tables 4-1 – 4-5). These results indicates that future monitoring at these 
composting facilities could therefore exclude sampling at a control (< 10 m from source) and 
instead choose a control at distances between 0.1 – 0.25 km from source. 
 
 Measurements of bioaerosol concentrations can vary substantially due to many factors 
including organism viability and sublethal injury when sampling, sampling methodology and 
sampling period over which samples are collected (e.g. from a few minutes to an hour). It 
was therefore important in the present study to estimate the overall uncertainty (Uo) to 
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estimate the range of values in which ‘true’ value would be expected to fall within with a 
given level of confidence. Uo was expressed as a relative standard deviation (RSD) at the 
95% confidence interval (Appendix IV, Tables 4-11 – 4-20). The RSD reflected the spread of 
the data in a as a percentage, with a higher RSD indicating greater spread from the mean and 
therefore of a greater variability. Lower RSD meant the values observed were generally 
closer to the respective mean. Bioaerosol measurements at both composting facilities showed 
high variability (> 100%), especially in bioaerosol indicators at lower mean concentrations 
(e.g. Thermoactinomycetes and A. fumigatus), where lower counts (< 30 CFU/m3) and lower 
sample size (n < 5) have a statistical tendency to demonstrate a higher variability (Sutton, 
2011; Grøn, et al., 2007). Therefore values were considered highly variable, both proximal 
to-and distal from-source. Only total bacteria, total fungi and total coliforms showed any 
consistence with RSD < 100% at the majority of distances, excluding NLM summer and 
WMI autumn for total coliforms, and NLM autumn for total fungi (Appendix IV, Tables 4-
14, 4-15, 4-19 and 4-20). Overall uncertainty (Uo) provided a quantitative estimate of the 
variability of results using a coverage factor (k) of 1.96, at the 95% level of confidence. 
Subsequent measurements with fewer replicates per site and/or per organism (< n = 5) could 
apply the following overall uncertainties (Uo) as prediction intervals for the various 
organisms (Appendix IV, Tables 4-11 – 4-20). As stated earlier, bioaerosol indicators with 
lower mean counts expressed higher overall uncertainty (Uo). This was more apparent for A. 
fumigatus, Thermoactinomycetes and total coliforms at distances where the majority of 
means were < 100 CFU/m3, mainly upwind (background) and at distances > 0.5 km 
(Appendix IV, Tables 4-11, 4-12, 4-16 and 4-17). At distances where means were > 100 
CFU/m3, overall uncertainties were lower and therefore less variable. For example, where Uo 
were higher than mean counts for A. fumigatus at WMI, the majority of means were < 90 
CFU/m3 (Appendix IV, Table 4-17). For A. fumigatus, Thermoactinomycetes and total 
coliforms, lower overall uncertainties were more apparent at distances between control (0 
km) and 0.5 km where mean counts were > 100 CFU/m3 (Appendix IV, Tables 4-11 – 4-20). 
Therefore, subsequent measurements of these organisms could exclude the distance 0.25 km. 
Bioaerosol indicators with higher mean counts had lower overall uncertainty. This was 
mainly observed with total bacteria and total fungi where mean counts were > 2 x 102 
CFU/m3 (Appendix IV, Table 4-13 and 4-18). No seasonal trends were observed with the 
overall uncertainties with differences only noted between those indicators with lower mean 
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counts upwind or at distances greater than 0.5 km from the source (e.g. A. fumigatus, 
Thermoactinomycetes and total coliforms). 
 
5.1.3  Optimal compost-associated bioaerosol indicators 
 The measurement of composting bioaerosols is a complex task, as microbial 
populations vary in size, composition and concentration (Pillai, et al., 2002). With most 
bioaerosol constituents ubiquitously distributed in the environment, the exact source of a 
bioaerosol can be difficult to determine (Douwes, et al., 2003). Due to the difficulty in 
detecting and quantifying all constituents of bioaerosols, indicator microorganisms were 
utilised to assess the dispersion of compost-associated bioaerosols. Each of the chosen 
bioaerosols were assessed to be desirable compost-associated indicators using the following 
criteria: 
 
 Higher concentrations within composting facilities (0 – 0.5 km) compared to 
background (< 0.3 km upwind) and downwind values (> 0.5 km). 
 Potential pathogenicity/allergenicity. 
 Ease of analysis 
 
 All potential and more generalised bioaerosol indicators were present within green 
waste and compost associated material at NLM and WMI (Table 4-1).  All indicators except 
total fungi and total coliforms were found at higher concentrations within and downwind of 
the composting facilities compared to upwind background values. At both composting 
facilities maximum values of total coliforms were at background locations compared to the 
control sites and further distances downwind in summer (Figs. 4-3 & 4-14). Total fungi 
background concentrations were comparable to maximum values recorded within NLM in 
summer and autumn (Figs. 4-3 & 4-6). These results indicate that, although present within 
the compost material, the fungi detected were not exclusively compost-associated due to non-
compost environmental sources. Both facilities are surrounded by woodlands, dams and other 
waste industries, including a biosolids facility approximately 1 km NW of NLM. These could 
all be additional sources contributing to high background total fungi and total coliform 
concentrations. The usefulness of total coliforms and total fungi as indicators for compost-
associated bioaerosols for this case study were therefore less than optimal. These external 
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contributing factors were also expected to influence concentrations of total bacteria. While 
high concentrations were recorded at background locations (up to 5.8 x 102 CFU/m3), these 
were well below the levels recorded within the facility and were in similar concentration to 
those found beyond 0.5 km downwind (Figs 4-28 & 4-34). This suggests that although 
moderate levels of total bacterial bioaerosols are naturally occurring, composting associated 
activities still impact significantly on overall total bacterial concentrations. Although total 
bacterial concentrations were influenced by compost-associated activities, these cannot be 
directly applied to adverse health effects to the surrounding work force or residences as little 
is known regarding dose-relationships with the exception of a few specific allergens and 
pathogens (Drew, et al., 2009; Douwes, et al., 2003). Therefore, in light of these results total 
coliforms, total fungi are considered unsuitable as compost-associated bioaerosol indicators. 
Total bacteria could potentially be used as a basic compost- associated indicator focusing on 
the extent of dispersion and emission of bioaerosols, rather than an indicator for potential 
health risk. 
 
 The potential compost-associated indicators included A. fumigatus and 
Thermoactinomycetes. Although A. fumigatus is a dominant composting fungi (representing 
> 60% of fungi in composting bioaerosols) it also resides naturally in the environment at 
lower concentrations compared to those found in composting environments (Wheeler, et al., 
2001). This was confirmed at both NLM and WMI with concentrations no greater than 10 
CFU/m3 at background sites, compared to 2.4 x 103 CFU/m3 within NLM at 0.25 km in 
winter and 1.5 x 102 CFU/m3 at WMI in summer (Figs. 4-26 & 4-32). These results are in 
agreement with the literature, where higher concentrations of A. fumigatus were noted within 
and downwind of composting facilities compared to those of background levels (Albrecht, et 
al., 2008; Sánchez-Monedero, et al., 2003). Unlike A. fumigatus, Thermoactinomycetes  
rarely occur naturally as bioaerosols and are predominant at high numbers in compost itself 
in latter composting stages (Le Goff, et al., 2010; Neef, et al., 1999). Lower concentrations 
were anticipated at background locations compared to those within composting facilities. 
This was evident for Thermoactinomycetes, with background concentrations higher than 
those of A. fumigatus at both composting facilities (Figs. 4-25, 4-26, 4-31 & 4-32). 
Bioaerosol dispersal studies focusing on the genus Thermoactinomycetes are rare and reliable 
data hard to find. In order to compare the results of this current study to previous reports in 
the literature, Thermoactinomycetes must often be considered as ‘thermophilic 
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actinomycetes’ or ‘actinomycetes’.  Bearing this in mind, concentrations of 
Thermoactinomycetes observed in this study differed from those reported by Herr et al. 
(2003) where thermophilic actinomycetes were not detectable at background locations. 
Results of the current study indicate that while Thermoactinomycetes were present in high 
numbers within the facilities themselves, they also occur naturally as bioaerosols.  
 
 Bioaerosol concentrations were hypothesised to drop with increasing distances from 
each facility, returning to near background levels. While the majority of organisms followed 
this pattern there were some variations. A decreasing concentration with distance profile was 
more apparent with Thermoactinomycetes than A. fumigatus at both facilities, with 
Thermoactinomycetes returning near to or below background concentrations by 1 km (Figs 4-
25 & 4-31). For A. fumigatus the majority of seasonal dispersal profiles demonstrated 
subsequent increases in concentrations after initial maximum values at distances between 
0.25 – 1 km. With above background concentrations of 30-32 CFU/m3 recorded for A. 
fumigatus at NLM (Fig. 4-26) and concentrations of 18-148 CFU/m3 at WMI at distances 
greater than 2 km (Fig. 4-32). This is a cause for concern regarding health risk to surrounding 
residential populations due to increased concentrations of potentially pathogenic and 
allergenic bioaerosols. Higher concentrations found at > 2 km than those found at distances 
between 0.5 - 1 km suggested that increased A. fumigatus concentrations at distances > 2 km 
were attributed to temporal and spatial variations. A. fumigatus’ dominant presence in 
compost, present/past relevance in bioaerosol research, and potential pathogenicity support 
their utility as a compost-bioaerosol indicator. Compared to all considered bioaerosol 
indicators from this study and criteria from literature for compost-associated indicator 
organisms, Thermoactinomycetes were deemed the most suitable as a compost-associated 
bioaerosol indicator for the following reasons: 
 
 Their presence within compost and composting bioaerosols at each facility. 
 Low natural occurrence in the absence of a composting source.  
 Their potential allergenicity and steady decline in concentration with distance. and 
lastly,  
 Their ease of analysis and confirmation, due to their thermotolerance and resistance to 
novobiocin. 
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5.2 Extent of bioaerosol emission and dispersion from industrial green waste 
composting 
 To understand the extent of bioaerosol emission and dispersal from each industrial 
green waste composting facility, dispersal profiles for each potential and more generalised 
compost-associated bioaerosol indicator were assessed. The majority of bioaerosol indicators 
were found at highest concentrations at distances within the facility to the facility boundary 
(0 - 0.5 km). These results are in agreement with past studies where composting activities 
resulted in greater release of compost-associated bioaerosols within facilities boundaries 
compared to those at increased distances downwind (beyond facilities boundaries) (Domingo, 
et al., 2009; Taha, et al., 2006; Folmsbee & Strevett, 1999). On each sampling day, 
operational activity was deemed low/moderate or high by visual observation (Table 3-2). It 
was anticipated that bioaerosol emissions would be significantly affected by these activities. 
Previous studies indicated A. fumigatus concentrations are 1–3 orders-of-magnitude higher 
adjacent to active composting operational activities (Taha, et al., 2006; Sánchez-Monedero, 
Stentiford, & Urpilainen, 2005). Although mean concentrations of A. fumigatus at NLM 
controls were 80% higher during periods of high operational activity (summer/winter) 
compared to concentrations during moderate operational activity (spring/autumn), this was 
not apparent for Thermoactinomycetes and all other generalised compost-associated 
bioaerosol indicators.  This may have been due to differences in prevailing wind conditions 
on each sampling day at each composting facility (Appendix I, Figs. 1-2 – 1-9) (Chang, Ng, 
Wang, & Shyu, 2009; Tuomela, Vikman, Hatakka, & Itävaara, 2000). It was expected that 
bioaerosol concentrations at chosen controls (< 10 m from areas of potential bioaerosol 
dispersion) would exceed those at distance due to the proximity to source and the changing 
characteristics of the bioaerosol whilst airborne over distance (dilution, die-off, etc.). 
However, this general pattern was only found on two sampling events, for all organisms 
sampled; NLM in summer (high operational activity) and WMI in autumn (low activity) 
(Table 3-2). Meteorological parameters on these days showed no extreme weather 
fluctuations, with wind speeds no greater than 2.1 m/s (Appendix II, Tables 2-1 & 3-3). Stagg 
et al. (2010) found that when bioaerosols are released by wind and/or mechanical agitation, 
they rise with warmer air and then lose their buoyancy as the air cools, returning to the 
ground at increased distance from the original source. Such a phenomenon could explain why 
the majority of bioaerosol concentrations were higher at distances beyond control, but still 
within the facilities boundaries (0 - 0.5 km). 
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 It is hypothesised that for consecutive sampling concentrations at control sites would 
exceed those at downwind locations due to the proximity to bioaerosol source. This was true 
for the majority of bioaerosol indicators for two consecutive sampling events, NLM in 
summer and WMI in spring. Control samples collected simultaneously with those at 
increased distances fluctuated temporally as sampling progressed with distance, due to 
varying operational activities (episodic or periodic release) and meteorological conditions 
(Sykes, et al., 2007; Taha, et al., 2006). Although the majority of control concentrations 
exceeded distal concentrations, there were some instances where control concentrations were 
lower, especially within the composting facility (0 - 0.5 km). For example, at NLM in spring, 
all bacterial indicators were found at lower concentrations at control (0 km) compared to 
distal concentrations at 0.25 km (Fig. 4-11). All other sampling events saw concentration 
maxima vary between 0.1 km, 0.25 km and 0.5 km, with subsequent concentration increases 
at greater distances. These results suggest the release of compost-associated bioaerosols may 
not be limited to controls, but may arise from potential bioaerosol emitting activities also 
occurring within the facility. For example, mechanical windrow agitation occurred between 
the control and 0.25 km on two occasions and would explain the maximum concentrations 
observed for A. fumigatus and total fungi at 0.25 km at NLM (winter) and subsequent 
elevated concentrations 0.25 km at WMI (spring) (Figs. 4-7 & 4-22, respectively). 
Interestingly, not all bioaerosol indicators were found at maximum concentrations at the 
same distance for individual sampling events. At NLM in winter, A. fumigatus and 
Thermoactinomycetes concentrations were highest at 0.25 km rather than control (Fig. 4-7), 
whereas total bacteria and total coliforms were highest at 0.1 km (Fig. 4-8). This variability  
between samples could be due to periodic/episodic release from operational activity, age of 
compost and/or meteorological fluctuations (Taha, et al., 2006). Alternatively, the observed 
dispersal pattern could result from time lapses between organisms aerolisation from point A 
(source) and collection via sampling at point B (distance travelled) and/or the thermal 
buoyancy phenomenon (Pankhurst, 2010; Stagg, et al., 2010). With the observed variations in 
temperature and wind speed during sampling events this was likely a contributing factor to 
the variability of concentrations between bioaerosol indicators. 
  Lower moisture content can increase bioaerosol dispersal, specifically of spore 
forming microorganisms such as fungi or Thermoactinomycetes, which are more adapted to 
survival under challenging environmental conditions (Le Goff, et al., 2010; Pankhurst, 2010). 
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With lower moisture content and concentrations up to 100-fold greater for all indicators 
(excluding Thermoactinomycetes) observed within windrow material, higher concentrations 
of all bioaerosols were anticipated at NLM compared to WMI (Table 4-1). This was true for 
A. fumigatus and total fungi for the majority of sampling events at NLM (except autumn), but 
not for Thermoactinomycetes and total coliforms, which were found at highest overall 
concentrations at WMI (up to 10-fold greater than NLM). This suggests that moisture content 
was not a contributing factor in emitted bioaerosol concentrations but more likely attributed 
to the age of compost and/or differences in feedstock, both of which can influence the 
microbial and therefore bioaerosol community (Adams & Frostick, 2009; Hassen, et al., 
2001).  
 
 The compost-associated indicators of most interest were Aspergillus fumigatus and 
Thermoactinomycetes due to their specificity to compost relative to the other the other 
bioaerosol organisms tested (total culturable bacteria, fungi and total coliforms), and their 
potential pathogenicity. Results confirmed that the majority of indicators (excluding total 
fungi) followed a decreasing trend with increased distance from the composting facilities. 
Most dispersal profiles demonstrated a decrease in respective bioaerosol concentrations 
compared to control of > 50% by 0.5 km downwind. After maximum values proximal to 
source concentration increases at more distal sites between 0.25 – 1 km and were evident at 
least once per indicator-per sampling event. For example, at NLM- autumn at 0.25 km a 
maximum value of 24 CFU A. fumigatus/m3 also had a similar value (22 CFU/m3) at 1 km 
(Fig. 4-4). This was also occurred for A. fumigatus in at NLM in spring at control and 0.25 
km sites. This was likely due to operational activities within the composting facility running 
concurrently. With multiple operational activities taking place within a compost facility, 
there was likely more than one source contributing to bioaerosol emission (Taha, et al., 
2006).  
 
 Thermoactinomycetes demonstrated a clear decreasing profile at NLM and WMI, with 
maximum values varying between 0 - 0.4 km and returning near to/below background 
concentrations between 0.25 - 1.25 km. Again, as with A. fumigatus subsequent 
concentrations increases to above or near levels more proximal to source(s) were noted. 
These findings are comparable to Herr et al. (2003 and 2004) who found thermophilic 
actinomycetes returned to near background concentrations within 0.3 – 0.55 km; although 
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distances reported in these studies were measured from the facility boundary and not from a 
chosen control within the composting facility. Although a decreasing trend with respect to 
distance was not apparent for A. fumigatus for either facility, maximum levels varied between 
0 - 0.5 km, with only half of the seasonal sampling events returning near to/below 
background concentrations within 0.5 - 2.75 km, additional increases in A. fumigatus 
bioaerosols levels occurred between 0.25 – 1 km. These A. fumigatus and 
Thermoactinomycetes results should be interpreted with caution due to differences in 
topography and land-use surrounding the composting facilities. Elevated concentrations 
above background levels for A. fumigatus have been observed in agriculture environments 
(Dutkiewicz, 1997) and it should be noted that open woodland and pasture lies beyond both 
NLM and WMI composting facilities boundaries. Albrecht et al. (2008) found that 
thermotolerant fungi could be found at up to 100-fold higher than background concentrations 
0.6 - 1 km from a composting facility. Total fungi demonstrated no obvious decreasing trends 
in any season for either facility, with maximum values in winter at NLM heavily dominated 
by A. fumigatus (Fig. 4-9). This supports the findings of other studies where Aspergillus was 
found to be one of the prominent fungal bioaerosol on-site within composting facilities 
(Hryhorczuk, et al., 2001).  
 
 Although total fungi concentrations fluctuated within compost facilities (< 0.5 km 
from control) beyond the boundary (> 0.5 km) concentrations remained constant (102 - 103 
CFU/m3). This could be attributed to the dense woodland surrounding both NLM and WMI 
(Swan, et al., 2003). These findings are in agreement with Hryhorczuk et al. (2001), who 
found that if woodland had not surrounded the composting facility, total fungi concentrations 
downwind would not have been impeded and could have been significantly higher. 
Hryhorczuk et al. (2001) also noted higher concentrations of Alternaria spp. off-site rather 
than on-site, concluding the compost facility was not the major source of Alternaria spores 
but the surrounding woodland. Although this case study did not identify fungal colonies, 
those collected adjacent the surrounding woodland could have been heavily influenced by 
naturally occurring fungi rather than those associated from the compost facility. Some 
decreasing trends with increased distance from source were observed for total coliforms, but 
concentrations varied widely between seasons. However, both composting facilities recorded 
overall lowest levels in summer, with maximum concentrations at background (Figs. 4-2 & 4-
13). Higher total coliform concentrations at background locations were likely cross-
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contamination from an adjacent waste processing facility. For example, the NE to NW 
prevailing winds could have allowed cross contamination from the biosolids processing 
facility < 1 km NW of NLM (Fig. 1-2). However, no upwind, adjacent waste processing was 
apparent under the prevailing wind conditions at WMI in summer (Fig. 1-6). Although 
maximum total coliform bioaerosol values were found at background, levels were near to or 
below background concentrations on all other seasonal sampling events (Figs. 4-29 & 4-35). 
These near background level concentrations of total coliforms indicate the maximum value 
observed in summer at NLM was most likely not compost-associated or a result of cross 
contamination from adjacent waste facilities. The relative low concentrations (< 12 CFU/m3) 
of total coliforms recorded downwind at NLM in summer may have been be caused by high 
temperatures (> 30oC) and/or exposure to sunlight, leading to cell dehydration, desiccation 
and decreased survival as bioaerosols (Kesavan, et al., 2013; An, Kampbell, & Peter 
Breidenbach, 2002) (Appendix II, Table 2-1 & Appendix III, Table 3-1).  Only total bacteria 
followed a consistently decreasing trend with distance, with subsequent values above control 
concentration recorded at WMI in summer (Fig. 4-34). Maximum values varied between 0 - 
0.25 km, returning near to/below background concentrations by 0.5 – 3 km with notable 
decreases in concentrations observed by 0.25 km (> 50%) (Figs. 4-30 & 4-34). Although 
decreases in total bacteria bioaerosol levels were observed between control and 0.25 km, they 
did not decrease exponentially with increased distance from the source, unlike a UK study 
where total bacteria concentrations declined ten-fold at distances > 1 km, returning to 
background levels by 0.2 km (Gilbert, Kelsey, Karnon, Swan, & Crook, 2002). This studies 
results are consistent with Herr et al. (2004) where total bacteria bioaerosol concentrations 
returned to near-background concentrations by 0.55 km.  
 
 As both composting facilities were proximal to one another within Swanbank, similar 
seasonal trends were expected. Although bioaerosol concentrations from both composting 
facilities fluctuated seasonally, increased bioaerosol concentrations above those from 
background were only observed within the compost facility, to the facility boundary, and no 
further from composting operations (no greater than 0.5 km).  Previous studies of bioaerosols 
at composting and waste facilities have reported mixed results regarding the impact of 
seasonality on bioaerosol concentrations. The general consensus is that higher bacterial 
concentrations will occur in warmer months (summer/spring/autumn) and lower in cooler 
months (winter) dependant on geographic characteristics and climate (Recer, et al., 2001; 
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Tilley, 1997). Therefore it was anticipated that increased bioaerosol emission would be 
observed in the warmer months, as warmer temperature may facilitate the release of 
bioaerosols along with an increase in waste processing at this time. However, no clear 
seasonal trend was observed. High bacterial counts observed in spring are also supported by 
the overall mean seasonal bacterial concentrations observed over all distances at both NLM 
and WMI (Figs. 4-30 & 4-36). These results are in contrast to previous studies (Huang, Lee, 
Li, Ma, & Su, 2002; Pei-Chih, Huey-Jen, & Chia-Yin, 2000) that observed a clear seasonal 
trend of higher bacterial bioaerosol values in cooler months (winter) unlike this study where 
higher bacterial counts were observed in warmer months (spring).  
 
 At NLM, total fungi and A. fumigatus highest maximum levels and overall mean 
concentrations were recorded in winter, with lowest counts in autumn (Figs. 4-26, 4-27 & 4-
29).  At WMI both A. fumigatus and total fungi bioaerosol levels showed some seasonal 
similarities to one another (Figs. 4-32, 4-33 & 4-36), with highest concentrations for total 
fungi and A. fumigatus both found in winter. Lowest concentrations were seen to differ 
between seasons with A. fumigatus recording lowest concentrations in autumn whereas for 
total fungi, lowest concentrations were observed in spring. The higher concentrations 
compared to all other seasonal sampling events for total fungi generally (A. fumigatus at 
NLM) in winter at both composting facilities are inconsistent with previous studies in which 
higher concentrations were observed in warmer months (Pankhurst, 2010; Recer, et al., 2001; 
Dutkiewicz, 1997; Nielsen et al., 1997). This indicates that the potential for higher bioaerosol 
concentrations may not only be limited to warmer seasons. These higher concentrations of 
both total fungi (5.9 x 103 CFU/m3) (Fig. 4-21) and A. fumigatus (2.4 x 103 CFU/m3) 
compared to other seasonal sampling events (Fig. 4-9) seen at both composting facilities were 
likely influenced by the compost facilities operational activity on the specific winter 
sampling day (Chapter 3, Table 3.1) rather than reflecting a seasonal trend. Although 
bacterial indicator concentrations (Thermoactinomycetes, total bacteria and total coliforms) 
were generally higher in warmer months and total fungi and A. fumigatus concentrations 
higher in winter, no statistical difference was found between indicators per season except for 
A. fumigatus at WMI (p = 0.03). Statistical significance was limited by the fact that only one 
sampling event was carried out per season per facility. As bioaerosol concentrations vary 
daily, single sampling events per season meant limited numbers the ability to assess 
significant seasonal trends. Further study focusing on greater numbers of sampling events per 
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season is required to examine if seasonal mean bioaerosol dispersal and levels were 
significantly influenced by seasonal trends. 
 
 To evaluate bioaerosol exposure and their dispersal of composting bioaerosols, it was 
necessary to measure their background concentrations in air from unaffected areas (upwind < 
0.25 km), a difference was noticed at both NLM and WMI with concentrations differing 
between bioaerosol indicators. For Thermoactinomycetes and total coliforms, background 
concentrations varied up to 100-fold between seasons at NLM (Figs 4-25 & 4-29), whereas at 
WMI background concentrations remained relatively static (within 1-log10) (excluding 
Thermoactinomycetes in winter and total fungi in summer). Differences in background 
concentrations could be attributed to the composting facilities location and exposure to 
prevailing wind conditions. Woodland buffers surround WMI with winds on each sampling 
day varying no more than 70o (Appendix III, Tables 3-2, 3-4, 3-7 & 3-9), whereas NLM is 
situated in a more exposed location, surrounded by other waste processing industries, with 
wind conditions varying up to 150o. These conditions could have influenced the higher 
background concentrations at NLM (Appendix II, Tables 2-2, 2-4 2-7 & 2-10). The variable 
background concentrations of some bacterial bioaerosol indicators is consistent with previous 
composting studies, where background Actinomycetes concentrations upwind of a 
composting facility were frequently higher than background values at non-composting sites 
(Millner, Bassett, & Marsh, 1980) with total bacteria concentrations ranging between 102-104 
CFU/m3 at background sites (Jager, Rüden, & Zeschmar-Lahl, 1994). The varying 
background concentrations indicate that even background locations > 300 m upwind from 
controls are still influenced by the composting facility itself, and/or in this case surrounding 
waste industries.   
5.3 Potential health risks to residential areas proximal to industrial 
composting facilities 
 As observed in many previous studies, bioaerosol concentrations from NLM and 
WMI generally decreased with increasing distance from each industrial green waste 
composting facility. There is evidence that compost-associated bioaerosol indicators are able 
to travel beyond the compost facilities boundaries at concentrations above background levels 
and causing potential health risks to surrounding residential populations. The following is a 
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summary of dispersal profiles for each bioaerosol indicator before returning to near to/or 
below background concentrations: 
 A. fumigatus - 50% of all seasonal sampling events seen concentrations decreased with 
increasing distance, decreasing to below background concentrations within 0.9 - 2.75 km 
from NLM (summer/autumn), and 0.5 - 1 km from WMI (autumn/winter).  
 Thermoactinomycetes - concentrations decreased to below/near background values for > 
75% of seasonal sampling events within 0.25 - 3 km at NLM (autumn/winter/spring) and 
0.25 - 2 km at WMI (all seasons).  
 Total bacteria - > 75% of seasonal sampling events seen concentrations decreased with 
increasing distance, decreasing to below background values within 0.5 - 3 km at NLM 
(spring/autumn/winter) and 0.25 - 1 km at WMI (all seasons).  
 Total coliforms - All seasonal sampling events but one (WMI-summer) showed a 
decrease in total coliform bioaerosol levels to below background concentrations within 
0.25 - 3 km at NLM and > 1 km at WMI. (Note: in summer both maximum values were 
found upwind at background rather than control sites)  
 Total fungi - No obvious decreasing trends in bioaerosol concentrations with distance 
from operations were observed in any season at either facility, but bioaerosol 
concentrations were below background concentrations between 0.5 - 3 km at NLM 
(autumn/winter) and at 0.25 km at WMI in winter.  
 Prior bioaerosol studies have reported bioaerosol concentrations at distances > 0.25 
km from composting facilities similar to background levels, and therefore no higher than 
naturally-occurring levels (Gilbert, et al., 2002). However, in this present study higher than 
background concentrations of compost-bioaerosol indicators A. fumigatus and 
Thermoactinomycetes were measured at increased downwind distances from composting 
operations, up to nearby residential areas; particularly in warmer seasons. For example, 
above-background concentrations of 30-32 CFU/m3 were measured for A. fumigatus at NLM 
(Fig. 4-26) and 18-148 CFU/m3 at WMI at distances > 2 km from composting operations 
(Fig. 4-32). For Thermoactinomycetes, above-background concentrations of 27-32 CFU/m3 
were recorded between 0.9-3 km at NLM in summer (Fig 4-1); these results could be 
contributed to the meteorological and operational activities on the respective sample days 
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(Appendix II, Tables 2-5 & 2-8) (Appendix III, Tables 3-1 & 3-8). Under certain 
meteorological conditions, previous studies have shown elevated bioaerosol concentrations 1 
km from the composting facilities. Fischer et al. (2008) found concentrations of 
thermotolerant fungi and thermophilic actinomycetes 1-2 orders-of-magnitude higher than 
background levels at 0.6-1.4 km from a composting facility. Both potential bioaerosol 
indicators A. fumigatus and Thermoactinomycetes occur naturally in the environment in non-
composting environments. Notably, concentrations of both potential indicators found 
downwind of both composting facilities in the present study were up to three times higher 
than background values. These results are consistent with previous research, where increased 
thermophilic actinomycetes and A. fumigatus concentrations were detected at distances > 0.5 
km downwind of composting facilities (Hryhorczuk, et al., 2001; Recer, et al., 2001; Neef, 
et al., 1999). This suggests that the elevated A. fumigatus and Thermoactinomycetes 
concentrations downwind of both NLM and WMI were compost-specific, when 
concentrations were constantly elevated at several distances downwind compared to 
background.  
 The risk of health problems associated with bioaerosol exposure is dependent on 
several factors including: bioaerosol concentration, type of microbe, exposure duration and 
presence/absence pre-existing medical conditions of exposed populations. Along with a lack 
of dose-response data, this makes it difficult to establish threshold values for assessment of 
potential human health risk (Domingo, et al., 2009; Douwes, et al., 2003). With no 
established dose-response data recognised for compost-associated bioaerosols, waste 
workers and public are exposed to increased levels of bioaerosol concentrations with the 
potential to cause adverse health effects due to the high allergenic/pathogenic potential 
related to some compost-associates bioaerosols (e.g. Thermoactinomycetes and A. fumigatus) 
(Fracchia, et al., 2006; Dutkiewicz, 1997). Suggested bioaerosol guideline values (GV’s) or 
threshold limit value (TLV) concentrations from previous studies associated with waste 
management environments propose concentrations differing by up to 1-2 orders-of-
magnitude (Table 2.3). Current recommended bioaerosol guideline/threshold values 
regarding composting facilities include TLVs no greater than 1000 CFU/m3 for total bacteria 
and total fungi, 500 CFU/m3 for A. fumigatus, and 300 CFU/m3 for Gram-negative bacteria 
(Wheeler, et al., 2001). With respect to these suggested TLVs it is evident from the 
bioaerosol concentrations exceeding TLV’s reported in Tables 5-1 & 5-2 that on-site 
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compost operations-associated personnel and surrounding residents in Swanbank are 
potentially exposed to bioaerosol concentrations above the TLVs implemented by Wheeler 
et al. (2001). As the majority of compost-associated tasks are vehicle based, this may 
mitigate overall health risks by reducing bioaerosol exposure by being protected in an 
enclosed environment depending on the efficiency and maintenance of the vehicles filtration 
system. Previous research by Stagg et al. (2010) found that fungal concentrations inside the 
cab of an on-site composting vehicle were four times lower than those recorded outside.  
 As previously stated, the majority of compost-associated bioaerosol indicators 
measured in this study exceeded Wheeler et al. (2010) TLV values at background locations, 
within the composting facilities (< 0.5 km), and downwind at increasing distances from the 
composting facilities (> 0.5 km) (Tables 5-1 & 5-2) Thermoactinomycetes was the only 
indicator at each composting facility which remained below TLVs; however, 
Thermoactinomycetes are rarely studied as a compost-associated bioaerosol indicator. In 
contrast to this study, which specifically focused on the genus Thermoactinomycetes. Most 
published threshold data in this regard are for thermophilic actinomycetes. Thus, 
Thermoactinomycetes must often be considered to be included within thermophilic 
actinomycetes measurements. Total coliform bioaerosol concentrations only exceeded TLVs 
within the composting facilities themselves (< 0.5 km), except at NLM in spring where high 
concentrations were recorded at background (1.7 x 103 CFU/m3), 1-2 log10 higher than all 
other NLM seasonal total coliform background concentrations (Fig. 4-29) (Table 5.1). This 
was the only sampling transect where the background location was downwind of an adjacent 
waste facility, and therefore could account for the above-threshold total coliforms 
concentrations (> 300 CFU/m3). Beyond NLM and WMI composting facility boundaries (> 
0.5 km)  only total bacteria, total fungi and total coliforms were found above TLVs (> 103 
CFU/m3), with this more frequently observed at NLM than WMI.  
Distance Summer Autumn Winter Spring 
Background Total bacteria 
1.4  x 103 CFU/m3 
 
Total fungi 
2.1  x 103 CFU/m3 
Total bacteria 
5.2 x 103 CFU/m3 
 
 
 
Total coliforms  
1.7 x 103 CFU/m3 
Control Total bacteria 
1 x 104 CFU/m3 
 
Total bacteria  
9.2 x 103 CFU/m3 
 
Total bacteria 
 6.5 x 103 CFU/m3 
 
Total bacteria  
9.8 x 103 CFU/m3 
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Total coliforms 
2.8 x 103 CFU/m3 
Total coliforms 
2.5 x 103 CFU/m3 
Total coliforms 
7.1 x 103 CFU/m3 
0.1 km Total bacteria  
1 x 104 CFU/m3 
 
Total fungi 
2.9 x 103 CFU/m3 
Total bacteria 
1.3 x 104 CFU/m3 
 
Total bacteria  
2.2 x 104 CFU/m3 
 
Total coliforms 
522 CFU/m3 
Total bacteria  
2.2 x 104 CFU/m3 
 
Total coliforms 
1.1 x 104 CFU/m3 
0.25 km Total bacteria 
5.4 x 103 CFU/m3 
 
Total coliforms 
326 CFU/m3 
Total bacteria  
1.4 x 104 CFU/m3 
 
Total fungi  
 7.9 x 103 CFU/m3 
 
A. fumigatus 
2.4 x 103 CFU/m3 
Total bacteria 
1.4 x 104 CFU/m3 
 
0.5 km   Total bacteria  
3.7 x 103 CFU/m3 
 
Total coliforms 
1.4 x 103 CFU/m3 
Total bacteria 
3.7 x 103 CFU/m3 
 
Total fungi 
5.5 x 103 CFU/m3 
1 km Total fungi 
1.1 x 103 CFU/m3 
 Total bacteria 
3.9 x 103 CFU/m3 
Total bacteria 
3.9 x 103 CFU/m3 
≈ 2 km Total bacteria  
2  x 103 CFU/m3 
 
Total fungi 
1.7 x 103 CFU/m3 
   
Table 5-1. Seasonal mean bioaerosol exposure health risk at increased distances from NLM, 
where coloured cells with bioaerosol concentrations (CFU/m3) indicate > guideline values. 
Non-coloured cells represent concentrations of indicator microorganisms < guideline values. 
[Note: guideline values: > 1000 CFU/m3 for total bacteria; > 300 CFU/m3 for Gram-negative 
bacteria (total coliforms); > 1000 CFU/m3 for total fungi; > 500 CFU/m3 for A. fumigatus and 
> 1000 CFU/m3 thermophilic actinomycetes (Thermoactinomycetes)] (Wheeler, et al., 2001). 
 
 
Distance Summer Autumn Winter Spring 
Background Total bacteria 
1.6 x 103 CFU/m3 
   
Control Total bacteria 
6.7 x 103 CFU/m3 
Total bacteria 
7.8 x 103 CFU/m3 
 
Total coliforms 
2.8 x 103 CFU/m3 
Total bacteria 
7.8 x 103 CFU/m3 
  
Total coliforms 
3.2 x 103 CFU/m3 
 
Total fungi 
Total bacteria 
2.4 x 104 CFU/m3 
 
Total coliforms 
6.6 x 103 CFU/m3 
 
Thermoactinomycetes 
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5.9 x 103 CFU/m3
 
Thermoactinomycetes 
1.9 x 103 CFU/m3 
2.4 x 103 CFU/m3
 
0.1 km Total bacteria 
1.7 x 104 CFU/m3 
 
Thermoactinomycetes 
3.1 x 103 CFU/m3 
 
Total bacteria 
1.7 x 104 CFU/m3 
 
Total bacteria 
1.0 x 104 CFU/m3 
 
Total coliforms 
1.7 x 103 CFU/m3 
Total bacteria 
2.3 x 104 CFU/m3 
 
Total coliforms 
8 x 103 CFU/m3 
 
Thermoactinomycetes 
1.1 x 103 CFU/m3 
0.25 km Total bacteria 
3.4 x 103 CFU/m3 
 
Thermoactinomycetes 
1.4 x 103 CFU/m3 
 
Total coliforms 
2.7 x 103 CFU/m3 
Total bacteria 
6.6 x 103 CFU/m3 
 
Total coliforms 
5.4 x 102 CFU/m3  
 
Thermoactinomycetes 
1.3 x 103 CFU/m3 
Total bacteria 
9.9 x 103 CFU/m3 
 
Total coliforms 
3.6 x 103 CFU/m3 
0.5 km Total bacteria 
1.6 x 103 CFU/m3 
 
Total coliforms 
3.5 x 102 CFU/m3 
 Total bacteria 
3.1 x 103 CFU/m3 
 
 
1 km Total bacteria 
1 x 103 CFU/m3 
   
≈ 2 km Total bacteria 
1  x 103 CFU/m3 
Total fungi 
1.1 x 103 CFU/m3 
  
Table 5-2. Seasonal mean bioaerosol exposure health risk at increased distances from WMI, 
where coloured cells with bioaerosol concentrations (CFU/m3) indicate > guideline values. 
Non-coloured cells represent concentrations of indicator concentrations < guideline values. 
[Note: guideline values: > 1000 CFU/m3 for total bacteria; > 300 CFU/m3 for Gram-negative 
bacteria (total coliforms); > 1000 CFU/m3 for total fungi; > 500 CFU/m3 for A. fumigatus and 
> 1000 CFU/m3 thermophilic actinomycetes (Thermoactinomycetes)] (Wheeler, et al., 2001). 
 
 The frequency of total fungi, total bacteria and total coliforms bioaerosol 
concentrations above threshold/guidelines values illustrate how variable bioaerosol 
concentrations were both downwind and upwind of each industrial-composting facility. 
Bioaerosol indicators exceeded suggested TLV values in 21 of 28 (75 %) of all sampling 
distances at NLM, and 18 of 28 (64%) at WMI. These findings suggest that bioaerosol 
concentrations found above TLVs at distances > 0.5 km are a not atypical, and within a 
‘normal’ range of concentration downwind of a composting facility. For NLM, which lies on 
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a more exposed landscape, > TLV indicator bioaerosol levels were also found upwind, 
suggesting increased exposure to varying wind conditions could also affect the ‘normal’ 
‘background’ range upwind. However this was not the case for the potential compost-
associated bioaerosols indicators A. fumigatus and Thermoactinomycetes, where above 
threshold/guideline concentrations only occurred within the composting facilities at distances 
≤ 0.25 km from control (Table 5-1 & 5-2). These findings are consistent with those of Recer 
et al. (2001) and Pankhurst et al. (2010) who reported for A. fumigatus 10 – 20% of  samples 
recorded between 0.25 – 0.54 km downwind were higher than suggested guideline 
concentrations recommended by Wheeler et al. (2001). The frequency at which bioaerosol 
concentrations exceeded threshold/guideline values highlights the potential risks that 
operation staff and proximal residents are exposed to. In light of this it is highly 
recommended to implement a buffer zone 1 km from point source or 0.5 km from composting 
facilities boundaries to reduce bioaerosol exposure to proximal residents. For operational 
workers a review of personal protection equipment PPE and vehicle ventilation could 
minimise on-site exposure. 
 
 The potential risk of mycotoxin exposure (including aflatoxin) is commonly reported 
in bioaerosol literature, but to the author’s knowledge, this is a novel approach using 
fluorescence for confirmation of toxigenic Aspergillus spp. bioaerosols from industrial green 
waste composting facilities; therefore little literature is available for comparison. Analytical 
methods, such as high-performance liquid chromatography (HPLC) and liquid 
chromatography/mass spectroscopy (LC/MS) are labour intensive, time consuming, require 
costly equipment to purchase and maintain and require highly-skilled personnel to ensure 
consistency of results (Contreras-Medina et al., 2013). Whereas, the culture-based method 
chosen for this study required the isolation of presumptive Aflatoxin Aspergillus spp. on 
AFPA followed by confirmation using fluorescence on PDA + 0.3% β-cyclodextrin. 
Therefore a relatively inexpensive technique requiring only selective media, an incubator and 
UV light (365 nm). Although fluorescence only determined the presence or absence of 
aflatoxin rather than level of production, this was sufficient for bioaerosol monitoring health 
risk assessment purposes. Using the non-destructive technique first used here for aflatoxin 
assessment of Aspergillus spp. bioaerosols, further isolation and toxin characterisation could 
additionally be also performed as necessary.  
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 Mycelia displaying an orange/yellow reverse on AFPA (presumptive aflatoxin-
positive) were subcultured onto AFPA, then subcultured onto PDA + 0.3% β-cyclodextrin for 
3 d at 28oC in complete darkness for confirmation of aflatoxin production.	Each confirmed 
aflatoxin Aspergillus spp. isolate displayed three distinguishing morphological features after 
three days incubation on PDA + 0.3% β-cyclodextrin; (1) a beige outer ring, (2) 
orange/yellow reverse and (3) blue/green fluorescence under UV (365 nm) (Rojas, Sampayo, 
Vázquez, Franco, & Cepeda, 2005; Abbas, et al., 2004b; Abbas, et al., 2004a; Fente, Ordaz, 
Vazquez, Franco, & Cepeda, 2001). Some morphological features were more easily 
distinguished than others. For example, a dissecting microscope was used when the beige 
ring was occasionally difficult to distinguish with the naked eye, and the intensity of 
orange/yellow reverse was variable. Therefore, both features were found unreliable unless 
used in conjunction with blue-green fluorescence under UV illumination (Abbas, et al., 
2004a). 	
 
 The occurrence of aflatoxin (+) Aspergillus spp. varied between facilities 
and seasons with aflatoxin (+) Aspergillus spp. bioaerosols only found at NLM background 
sites in spring and winter (Table 4-2). During winter and spring sampling events, wind 
direction varied, with wind gusts up to 4.8 m/s (Appendix II, Figs. 2-3, 2-4 and Tables 2-9 
and 2-6). Lowest numbers of presumptive aflatoxin (+) Aspergillus spp. bioaerosols were 
observed at NLM and WMI in autumn, with lower temperatures observed on the autumn 
sampling events than those in winter (Appendix II, Tables 2-3 & 2-5) (Appendix III, Tables 
3-3 & 3-5). Higher numbers of aflatoxin positive bioaerosol isolates were expected in warmer 
months, due to warm and humid weather providing optimum conditions for the growth of 
aflatoxin (+) Aspergillus spp. (Cotty & Jaime-Garcia, 2007; Cotty, Bayman, Egel, & Elias, 
1994). Therefore it was presumed a greater number of aflatoxin (+) Aspergillus spp. would be 
collected at NLM and WMI in spring than any other season, but only 33% were confirmed 
aflatoxin (+) at WMI compared to 68% at NLM (excluding background). Although greater 
numbers of aflatoxin positive (+) bioaerosol isolates at NLM in spring may have been due to 
use of simultaneous sampling, with double the number of samples collected at NLM control  
compared to WMI. Simultaneous sampling only occurred at positive control and at increased 
distances and did not occur at background, and therefore does not explain the high number of 
positive (+) aflatoxin Aspergillus spp. found at NLM compared to WMI. The increased 
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number of positive isolates could be attributed to the varying wind conditions evident at 
NLM in spring (Appendix II, Fig. 2-4). 
 Aflatoxin has been studied extensively in relation to contaminated food and 
contaminated feedstock sources (Sapkota, Lefferts, McKenzie, & Walker, 2007; Kabak, 
Dobson, & Var, 2006; Aycicek, Aksoy, & Saygi, 2005), but to date no association with 
bioaerosols from industrial green waste composting facilities has been reported. Aflatoxin is 
a known hepatocarcinogen in many animal species, but there is limited evidence regarding 
carcinogenicity of inhaled aflatoxins in humans (Kuhn & Ghannoum, 2003). Although there 
is limited evidence regarding dose-response relationships, inhalation of aflatoxins is 
speculated to increase cancer incidence  in waste industry workers exposed to associated 
dusts (WHO, 2009; Selim, Juchems, & Popendorf, 1998). Therefore, monitoring potential 
risk to on-site compost-associated personnel and surrounding residents from compost-
associated aflatoxin-producing Aspergillus spp. is warranted. The majority of isolates were 
collected within the facilities’ boundaries (0 - 0.5 km), with only five aflatoxin (+) 
Aspergillus spp. collected at distances > 1 km. The novel approach using fluorescence for 
confirmation of toxigenic Aspergillus spp. bioaerosols from industrial green waste 
composting facilities has demonstrated that (+) aflatoxin Aspergillus spp. are present within 
composting bioaerosols and pose a greater health risk to on-site compost-associate personnel 
than surrounding residents, with only five positive isolates found seasonally at distances > 1 
km.  
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Chapter 6: Conclusions 
6.1 Overview 
 This study achieved the objectives stated in Chapter 1.  These were: to improve 
methods for monitoring bioaerosols, determine the extent of bioaerosol emission and 
dispersal from two industrial green waste composting facilities; assess the potential risk to 
urban developments proximal to those industries. The principle conclusions are: 
 
6.1.1 Methods and sample analysis 
 
 Use of a reproducible and logistically feasible bioaerosol-monitoring standard 
operating procedure (SOP) at industrial (green waste) composting facilities is 
recommended; with such a method proposed from this research. 
 
 A stratified judgemental sampling approach was employed at predetermined, 
increasing distances downwind from the composting facility, towards the nearest respective 
residential areas. This procedure demonstrated an ability to detect the dispersal of compost-
associated bioaerosol indicators at increased downwind distances. Furthermore, this 
procedure could be adapted to minimise cost or time restraints by focusing on specific 
compost associated bioaerosol indicator(s) (e.g. Thermoactinomycetes) with fewer replicates 
per site (< n = 5) and/or reducing the number of distances sampled. 
 
 A. fumigatus and Thermoactinomycetes were both assessed as optimal compost-
associated bioaerosol indicators suitable for use in monitoring in association with 
industrial green waste composting facilities. 
 
  Compost-associated bioaerosol indicators A. fumigatus and Thermoactinomycetes 
were present at substantially higher levels in the areas of interest compared to the natural 
environment.  Due to their potentially allergenic and pathogenic properties these present 
potential adverse health hazards to surrounding populations and on-site occupationally 
exposed cohorts. Therefore both indicators can be used as compost-associated bioaerosol 
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indicators to assess bioaerosol emission and dispersal from industrial green waste composting 
facilities, as well as potential health risks to occupational workers and nearly surrounding 
residents. 
 
 Fluorescence-based detection of aflatoxin in using UV illumination was an effective 
technique for testing aflatoxin presence/absence in Aspergillus spp. (composting-
associated) bioaerosols in samples collected using direct-agar impaction. 
 
 To the author’s knowledge, the novel application of fluorescence-based detection of 
aflatoxin production in Aspergillus spp. bioaerosols using UV illumination was the first of its 
kind; with the technique applied in this case to samples taken in association with industrial 
green waste composting facility operations. Although aflatoxin presence in Aspergillus spp. 
are widely discussed in the published literature in a general sense, little information is known 
regarding their presence in composting bioaerosols. The application of this inexpensive, non-
labour-intensive, culture-based method of distinguishing presence/absence of aflatoxic 
Aspergillus spp. in composting bioaerosols is therefore suitable for use in bioaerosol 
monitoring. 
 
6.1.2 Emission and Dispersal 
 
 No seasonal trends in bioaerosol emission and/or dispersal were evident, higher 
bioaerosol concentrations found downwind of composting facilities were associated 
with composting operational activities and prevailing wind conditions. 
 
 No seasonal trend in bioaerosol emission and/or dispersal was apparent, and any 
similarities observed between indicators were associated with variations in industrial 
composting operational activities and/or wind conditions. A significant finding was that 
dispersal did not always follow a progressive decreasing “dilution with distance” trend but 
instead fluctuated; with increases in concentration at greater distances (0.1 – 0.5 km from 
presumed source) in some cases. This suggests the dominant factor affecting bioaerosol 
release and downwind concentrations was firstly the degree of compost-processing activities 
occurring, followed by localised wind parameters (speed, direction). Increases in these 
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factors generally led to increases in bioaerosol emission and downwind distance compost-
associated bioaerosols were distributed. In light of these findings, it is recommended 
bioaerosol-emission mitigation strategies focus on minimising potential emissions at source. 
 
 Additional increases in bioaerosol levels (to levels similar to maximum 
concentrations at emission source) were evident in dispersal profiles at distances 
between 0.25 – 1 km, indicating bioaerosol dispersal is affected by operational 
activities and/or bioaerosol buoyancy. 
 
 The greater bioaerosol concentrations between 0.25 – 1 km compared to more source-
proximal locations were most likely due to bioaerosol buoyancy, temporal variability in on-
site operational activity and/or meteorological conditions. Variability was evident between 
dispersal profiles of potential bioaerosol indicators and sampling distances at both 
composting facilities, with the inability to link all bioaerosol emissions from a single source 
(e.g. positive control), but possibly including inputs from other potential bioaerosol emitting 
activities co-occurring within the facility. 
 
6.1.3 Residential and occupational health risk 
 
 Bioaerosol concentrations of total bacteria, total fungi and total coliforms in 
association with industrial composting operations were frequently above threshold 
limit values (TLV’s) at background (upwind), and at distances > 0.5 km up to 2 km 
from NuGrow Landscape Mixes (NLM) and Wood Mulching Industries (WMI). 
 
 Concentrations of bioaerosols frequently found above TLV’s at distances > 0.5 km up 
to 2 km from the facilities suggests TLV-exceeding concentrations at distances up to 2 km (or 
potentially greater) from composting facilities may be typical. Therefore, bioaerosols from 
industrial green waste composting facilities should be considered as a potential health risk to 
surrounding communities. Introduction of environmental buffer zones or separation distances 
of ≥ 2 km from composting facilities to areas of urban development may reduce such 
potential composting-associated bioaerosol health risks associated to surrounding residents. 
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 Compost-associated microbiological indicators (A. fumigatus and 
Thermoactinomycetes) were found at increased concentrations adjacent to residential 
areas compared to background values. 
 
 Although Thermoactinomycetes and A. fumigatus bioaerosol concentrations were 
within suggested TLV’s for industrial green waste composting facilities (Table 2.3), the 
distance travelled by compost-associated A. fumigatus at times exceeded several kilometres at 
WMI. The potential associated health risks from increased exposure to A. fumigatus and 
Thermoactinomycetes downwind of composting facilities include allergic or inflammatory 
responses, particularly among immune-compromised or sensitized individuals residing in the 
surrounding residential areas. As composting facilities represent sources of compost-
associated bioaerosol emissions, these finding should be considered prior to residential 
development within approx. 2 km of each facility at Swanbank, and similar-scale operations 
more generally. 
6.2  General recommendations and issues for further investigation 
 
The following are general recommendations based on the findings of this study: 
 
 A standard operating procedure (SOP) for measuring and monitoring bioaerosol 
emission and dispersal at green waste and other industrial waste management 
facilities should be implemented using: 
1. Agar impaction sampling technique with selective media to target; 
2. Compost-associated indicator/s 
 Compost-associated bioaerosol indicators (A. fumigatus and Thermoactinomycetes) 
should be used as compost-bioaerosol microbiological indicators to assess potential 
(downwind) contamination from (green waste) composting facilities. 
 A buffer zone/or separation distance of approximately 2 km from industrial green 
waste composting facilities for residential or sensitive commercial (e.g. food 
processing, health care) development. 
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 Implementation of this study’s methodology to monitor bioaerosols at Swanbank, 
record bioaerosol dispersal and quantify results against TLV’s for health risk 
assessment. 
 
 The outcomes from this study identified bioaerosol knowledge and/or data gaps that 
should be addressed through further study. Suggestions regarding such studies include: 
 
 Investigation of dose-response relationships between environmental bioaerosol levels 
and allergic and/or inflammatory disease, using A. fumigatus and 
Thermoactinomycetes as indicators. 
 Investigation of techniques to minimise bioaerosol dispersal and exposure associated 
with operational activities and their efficacy; specifically focussed on bioaerosols 
with allergenic or pathogenic potential.  
 Investigation of production and emission of aflatoxin Aspergillus spp. present in 
compost as bioaerosols; including microbial interrelationships within composted 
material and strategies for minimising aflatoxin exposure. 
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Appendix I 
Relative locations of sampling sites at NLM and WMI 
 
 
Figure 1.1. Ripley Valley urban valley development area with relative locations of 
composting facilities examined in this study (www.ulda.qld.gov.au). 
 
NLM 
WMI 
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Figure 1-2: Aerial image of relative sampling locations in summer (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at 
NuGrow Landscape Mixes (NLM). 
 
Prevailing Winds 
N 
 ≈ 1 km 
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Figure 1-3. Aerial image of relative sampling locations in autumn (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at 
NuGrow Landscape Mixes (NLM). 
Prevailing Winds 
N 
≈ 1 km 
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Figure 1-4. Aerial image of relative sampling locations in winter (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at 
NuGrow Landscape Mixes (NLM). 
Prevailing Winds 
N 
≈ 1 km 
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Figure 1-5. Aerial image of relative sampling locations in spring (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at 
NuGrow Landscape Mixes (NLM). 
Prevailing Winds
 N  
≈ 1 km 
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Figure 1-6. Aerial image of relative sampling locations in summer (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at Wood 
Mulching Industries (WMI). 
Prevailing Winds 
N 
≈ 1 km 
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Figure 1-7. Aerial image of relative sampling locations in autumn (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at Wood 
Mulching Industries (WMI). 
 N 
Prevailing winds 
N 
 ≈ 1 km 
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Figure 1-8. Aerial image of relative sampling locations in winter (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at Wood 
Mulching Industries (WMI). 
N 
   ≈ 1 Km 
Prevailing winds 
 N
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Figure 1-9. Aerial image of relative sampling locations in spring (Cnes/Spot Image, 
DigitalGlobe ®, Landsat and Sinclair Knight Merz & Fugro, 2012), with topographical 
elevation and prevailing wind directions (length of lines indicating predominance) at Wood 
Mulching Industries (WMI). 
 
 
 
 
   N 
Prevailing 
Wind  
≈1 km 
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Distance 
(km) 
GPS 
Co-
ordinates 
Sampling 
Start/End 
Time 
Relative 
Humidity 
(%) 
Temperatur
e 
(oC) 
Wind 
Velocity 
(m/s) 
Cloud 
Cover 
(%) 
Background 
(< 300m 
upwind) 
      
Control (0 
km) 
 
      
0.1 km    
 
   
0.25 km    
 
   
0.5 km    
 
   
1 km    
 
   
2 km (or 
nearest 
residential 
area) 
      
Date: 
Wind Direction: 
Operational Activity: Low/ Medium/ High 
Table 1-1. Example of field data-logging sheet. 
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Appendix II 
NLM Meteorological Data Sheets 
 
Distance Sampling 
Start/End 
time 
(24 HR) 
(Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
 
Median 
Wind 
Velocity 
(m/s) 
Wind State 
Background 
 
15.28-16.06 
38 min 
37.4 ± 3 34.3 ± 1.2 1.8 m/s Light Breeze 
Control 12.26-13.06 
40 min 
38.9 ± 3 35.9 ± 1.2 0.9 m/s 
 
Light Air 
0.1 km 
 
11.45-12.24 
39 min 
34.3 ± 3 33.9 ± 1.2 1.0 m/s Light Air 
0.25 km 13.08-13.46 
38 min 
38.6 ± 3 33.7 ± 1.2 1.8 m/s 
 
Light Breeze 
0.4 km 
 
13.50-14.25 
35 min 
26.0 ± 3 32.5 ± 1.2 1.0 m/s Light Air 
0.9 km 14.30-15.10 
40 min 
36.0 ± 3 36.9 ± 1.2 <1 m/s 
 
Calm 
3 km 
Riley Street 
16.40-17.15 
35 min 
64.0 ± 3 29.1 ± 1.2 1.4 m/s Light Air 
Table 2-1. Summer meteorological data from NuGrow Landscape Mixes (NLM) during 
bioaerosol sampling events (2013). 
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Figure 2-1. Summer wind rosette from Flinders View weather station (2013), available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
 
Time Of Day 
(24 HR) 
1 Hr Average 
(Degree o) 
Wind Direction 
9.00 – 10.00 229o SW 
10.00 – 11.00 263o W 
11.00 – 12.00 303o WNW 
12.00 – 13.00 317o NW 
13.00 – 14.00 284o WNW 
14.00 – 15.00 305o WNW 
15.00 – 16.00 338o NNW 
16.00 – 17.00 21o NNE 
17.00 – 18.00 17o NNE 
Table 2-2. Summer sampling wind direction taken from Flinders View weather station 
(2013), available from Department of Environmental and Heritage Protection/Management 
and regulation/air quality (http://www.ehp.qld.gov.au). 
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Distance Sampling 
Start/End 
time 
(24 HR) 
(Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
 
Median 
Wind 
Velocity 
(m/s) 
Wind State 
Background 11.45-12.24 
39 min 
38.2 ± 3 21.5 ± 1.2 0.8 m/s Light Air 
Control 12.26-13.06 
40 min 
35.5 ± 3 25.7 ± 1.2 2.8 m/s Light Breeze 
0.1 km 13.08-13.46 
38 min 
27.9 ± 3 26.5 ± 1.2 1.2 m/s Light Air 
0.25 km 13.50-14.25 
35 min 
21.6 ± 3 27.4 ± 1.2 0.9 m/s Light Air 
0.5 km 14.30-15.10 
40 min 
22.2 ± 3 25.8 ± 1.2 0.7 m/s Light Air 
1 km 15.28-16.06 
38 min 
24.2 ± 3 27 ± 1.2 0.2 m/s Calm 
2.75 km 
 
16.40-17.15 
35 min 
27.5 ± 3 23.8 ± 1.2 1.9 m/s Light Breeze 
Table 2-3. Autumn meteorological data for NuGrow Landscape Mixes (NLM) during 
bioaerosol sampling events (2013). 
Figure 2-2. Autumn wind rosette from Flinders View weather station (2013), available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
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Time Of Day 
(24 HR) 
1 Hr Average 
(Degree o) 
Wind Direction 
9.00 – 10.00 252o SSE 
10.00 – 11.00 181o S 
11.00 – 12.00 142o SE 
12.00 – 13.00 170o S 
13.00 – 14.00 183o S 
14.00 – 15.00 137o SE 
15.00 – 16.00 126o SE 
16.00 – 17.00 110o ESE 
Table 2-4. Autumn sampling wind direction taken from Flinders View weather station 
(2013), available from Department of Environmental and Heritage Protection/Management 
and regulation/Air quality (http://www.ehp.qld.gov.au). 
 
Distance Sampling 
Start/End time 
(24 HR) 
(Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
Median 
Wind 
Velocity 
(m/s) 
Wind 
State 
 
Background 
(-0.25 km) 
9.55 – 10.25 
(30 min) 
53.3 ± 3 21 ± 1.2 2.2 Light 
Breeze 
0.1 km 10.54 – 11.23 
(29 min) 
39.6 ± 3 24.2 ± 1.2 1.3 Light  
Air 
0.25 km 11.39 – 12.14 
(35 min) 
32.6 ± 3 26.1 ± 1.2 0.9 Light  
Air 
0.4 km 12.40 – 1.18 
(38 min) 
25.8 ± 3 28.2 ± 1.2 1.2 Light 
 Air 
1.25 km 13.30 – 14.10 
(40 min) 
23.6 ± 3 31.4 ± 1.2 1.6 Light 
Breeze 
3 km 14.26 – 15.06 
(40 min) 
24.1 ± 3 29.8 ± 1.2 2.4 Light 
Breeze 
Table 2-5. Winter meteorological data from NuGrow Landscape Mixes (NLM) during 
bioaerosol sampling events (2013). 
 
 
 
 
 
 
 
 
 
 
 
 Sampling Relative Temperature Median Wind State 
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Start/End 
time 
(24 Hr) 
(Total time) 
Humidity 
(% RH) 
(oC) Wind 
Velocity 
(m/s) 
 
C-0.1 km 10.55 – 11.30 
(35 min) 
29.9 ± 3 24.2 ± 1.2 2.2 Light Breeze 
C-0.25 km 11.45 - 12.25 
(40 min) 
30.9 ± 3 26.1 ± 1.2 1.7 Light Breeze 
C-0.4 km 12.45 – 1.20 
(35 min) 
35.6 ± 3 30 ± 1.2 3 Light Breeze 
C-1.25 km 13.35 – 14.15 
(40 min) 
28.5 ± 3 31.2 ± 1.2 4.8 Gentle 
Breeze 
C–3 km 14.30 – 15.10 
(40 min) 
30.4 ± 3 29.6 ± 1.2 4.1 Gentle 
Breeze
Table 2-6. Winter meteorological data for simultaneous control samples from NuGrow 
Landscape Mixes (NLM) during bioaerosol sampling events (2013). 
 
Figure 2-3. Winter wind rosette from Flinders View weather station (2013), available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
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Time of Day 
(24 HR) 
1 Hr Average 
(Degree o) 
Wind Direction 
9.00 – 10.00 250o WSW 
10.00 – 11.00 312o NW 
11.00 – 12.00 286o WNW 
12.00 – 13.00 286o WNW 
13.00 – 14.00 303o NW 
14.00 – 15.00 295o WNW 
15.00 – 16.00 254o WSW 
16.00 – 17.00 255o WSW 
Table 2-7. Winter sampling wind direction taken from Flinders View weather station (2013), 
available from Department of Environmental and Heritage Protection/Management and 
regulation/Air quality (http://www.ehp.qld.gov.au). 
Distance Sampling 
Start/End 
time 
(24 Hr) 
(Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
 
Median 
Wind 
Velocity 
(m/s) 
Wind State 
 
Background 
(- km) 
9.35 – 10.10 
(35 min) 
50.6 ± 3 27.4 ± 1.2 1.9 Light Breeze 
0.1 km 10.35 – 11.00 
(25 min) 
37.6 ± 3 30.5 ± 1.2 2.9 Light Breeze 
0.25 km 11.20 – 11.45 
(25 min) 
32.3 ± 3 32.7 ± 1.2 0.8 Light Air 
0.5 km 11.55 – 12.30 
(25 min) 
34.9 ± 3 31.6 ± 1.2 0.4 Light Air 
1 km 12.35 – 13.05 
(30 min) 
30.0 ± 3 32.1 ± 1.2 0.6 Light Air 
2 km 13.30 – 14.05 
(25 min) 
33.4 ± 3 30.4 ± 1.2 3.9 
 
Gentle 
Breeze 
Table 2-8. Spring meteorological data collected at increased distance from NuGrow 
Landscape Mixes (NLM) during bioaerosol sampling events (2013). 
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 Sampling 
Start/End 
time 
(24 Hr) 
(Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
 
Median 
Wind 
Velocity 
(m/s) 
Wind State 
 
C (0.1 km) 10.35 – 11.05 
(30 min) 
48.6 ± 3 29.1 ± 1.2 3.9 Gentle 
Breeze 
C (0.25 km) 11.20 – 11.50 
(30 min) 
37.2 ± 3 31.2 ± 1.2 1.4 Light Air 
C (0.5 km) 11.58 – 12.25 
(27 min) 
35.7 ± 3 32.5 ± 1.2 1.7 Light Breeze 
C (1 km) 12.40 – 13.08 
(28 min) 
33.8 ± 3 32.2 ± 1.2 2.6 Light Breeze 
C (2 km) 13.30 – 13.58 
(28 min) 
38.0 ± 3 31.2 ± 1.2 4.5 Light Breeze 
Table 2-9. Spring meteorological data of simultaneous control samples from NuGrow 
Landscape Mixes (NLM) during bioaerosol sampling events (2013). 
 
Figure 2-4. Spring wind rosette from Flinders View weather station (2013), available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
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Time of Day 
(24 HR) 
1 Hr Average 
(Degree o) 
Wind Direction 
9.00 – 10.00 320 NW 
10.00 – 11.00 4 N 
11.00 – 12.00 14 NNE 
12.00 – 13.00 352 N 
13.00 – 14.00 3 N 
14.00 – 15.00 30 NNE 
Table 2-10. Spring sampling wind direction taken from Flinders View weather station (2013), 
available from Department of Environmental and Heritage Protection/Management and 
regulation/Air quality (http://www.ehp.qld.gov.au).  
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Appendix III 
WMI Meteorological Sampling Data 
 
Distance Sampling 
Start/End time 
(24 Hr) 
(Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
Median 
Wind 
Velocity 
(m/s) 
Wind 
State 
Background 
(-0.4 km) 
10.45-11.26 
(41 min) 
35.1 ± 3 31.4 ± 1.2 1.8 m/s Light 
Breeze 
Control 
(0 km) 
11.44-12.15 
(31 min) 
40.5 ± 3 31.6 ± 1.2 2.3 m/s 
 
Light 
Breeze 
0.1 km 
(truck dust) 
12.36-13.12 
(36 min) 
42.2 ± 3 31.2 ± 1.2 2.7 m/s Light 
Breeze 
0.25 km 13.18-14.05 
(47 min) 
34.6 ± 3 32.1 ± 1.2 0.6 m/s 
 
Light Air 
0.5 km 
 
14.11-14.54 
(43 min) 
34.7 ± 3 32.1 ± 1.2 0.9 m/s Light Air 
1 km 15.08-15.47 
(39 min) 
34.2 ± 3 31.2 ± 1.2 0.6 m/s 
 
Light Air 
3.6 km 
Aulds Road 
17.05-17.50 
(45 min) 
49.5 ± 3 27.6 ± 1.2 2.5 m/s Light 
Breeze 
Table 3-1. Summer meteorological data for Wood Mulching Industries (WMI) during 
bioaerosol sampling events (2013).  
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Figure 3-1. Summer wind rosette Flinders View weather station (2013) available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
Time of Day 
(24 HR) 
1 Hr Average 
(Degree o ) 
Wind Direction 
10.00 – 11.00 87 o E 
11.00 – 12.00 64 o ENE 
12.00 – 13.00 61 o ENE 
13.00 – 14.00 70 o ENE 
14.00 – 15.00 71 o ENE 
15.00 – 16.00 67 o ENE 
16.00 – 17.00 64 o ENE 
17.00 – 18.00 70 o ENE 
Table 3-2. Summer sampling wind direction from Flinders View weather station (2013) 
available from Department of Environmental and Heritage Protection/Management and 
regulation/Air quality (http://www.ehp.qld.gov.au). 
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Distance Start/End 
time 
(24 Hr) 
(Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
Median 
Wind 
Speed 
(m/s) 
Wind 
Labels 
 
Background 
(-0.7 km) 
10.15 – 10.47 
(32 min) 
77.5 ± 3 16.8 ± 1.2 0.2 Calm 
Control 
(0 km) 
11.32 – 11.59 
(27 min) 
29.6 ± 3 25 ± 1.2 2 Light 
Breeze 
0.1 km 
 
12.05 – 12.32 
(27 min) 
38.3 ± 3 26.5 ± 1.2 1.6 Light 
Breeze 
0.25 km 
 
12.40 – 13.22 
(42 min) 
38.2 ± 3 27 ± 1.2 2.1 Light 
Breeze 
0.9 km 15.00 – 15.32 
(32 min) 
47.8 ± 3 22.3 ± 1.2 0.7 Light Air 
2.1 km 
 
14.16 – 14.53 
(37 min) 
44.7 ± 3 23.5 ± 1.2 0.4 Light Air 
Table 3-3. Autumn meteorological sampling data for Wood Mulching Industries (WMI) 
during bioaerosol sampling events (2013). 
 
Figure 3-2. Autumn wind rosette from Flinders View weather station (2013) available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
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Time of Day 
(24 HR) 
1 Hr Average 
(Degree o ) 
Wind Direction 
10.00 – 11.00 139o SE 
11.00 – 12.00 124o ESE 
12.00 – 13.00 107o ESE 
13.00 – 14.00 96o E 
14.00 – 15.00 108o ESE 
15.00 – 16.00 92o E 
16.00 – 17.00 86o E 
17.00 – 18.00 80o E 
Table 3-4. Autumn sampling wind direction from Flinders View weather station (2013) 
available from Department of Environmental and Heritage Protection/Management and 
regulation/Air quality (http://www.ehp.qld.gov.au). 
 
Distance Sampling 
Start/End time 
(24 HR & Total 
time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
Median 
Wind 
Velocity 
(m/s) 
Wind State 
 
Background 
(-0.25 km) 
10.05 – 10.37 
(32 min) 
36.3 ± 3 20.7 ± 1.2 0.9 Light Air 
0.15 km 10.55 – 11.20 
(25 min) 
42.4 ± 3 25.1 ± 1.2 2.3 Light Breeze 
0.25 km 11.30 – 12.00 
(30 min) 
44.5 ± 3 24.7 ± 1.2 1.4 Light Air 
0.5 km 12.10 – 12.45 
(35 min) 
40.1 ± 3 25.6 ± 1.2 2.4 Light Breeze 
1 km 12.55 – 13.25 
(30 min) 
37.7 ± 3 28.4 ± 1.2 1.0 Light Air 
3.6 km 13.45 – 14.20 
(35 min) 
38.7 ± 3 28.3 ± 1.2 3.6 Gentle 
Breeze 
Table 3-5. Winter meteorological data at increased distance (km) from Wood Mulching 
Industries (WMI) during bioaerosol sampling events (2013). 
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 Sampling 
Start/End time 
(24 HR & 
Total time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
Median 
Wind 
Velocity 
(m/s) 
Wind State 
 
C -0.15 km 10.59 – 11.26 
(27 min) 
42.4 ± 3 25.7 ± 1.2 3.9 Gentle breeze 
C -0.25 km 11.30 – 12.10 
(40 min) 
39.3 ± 3 25.6 ± 1.2 3.1 Light Breeze 
C -0.5 km 12.18 – 12.50 
(32 min) 
40.4 ± 3 25.1 ± 1.2 3.7 Gentle Breeze 
C -1 km 13.00 -13.30 
(30 min) 
39.9 ± 3 28.9± 1.2 2.8 Light Breeze 
C – 3.6  km 13.45 – 14.20 
(35 min) 
44.0 ± 3 28.8 ± 1.2 2.8 Light Breeze 
Table 3-6. Winter meteorological data at control from Wood Mulching Industries (WMI) 
during bioaerosol sampling events (2013). 
 
 
Figure 3-3. Winter wind rosette from Flinders View weather station (2013) available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
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Time Of Day 
(24 HR) 
1 Hr Average 
(Degree o ) 
Wind Direction 
10.00 – 11.00 315 NW 
11.00 – 12.00 328 NNW 
12.00 – 13.00 19 NNE 
13.00 – 14.00 335 NNW 
14.00 – 15.00 352 N 
15.00 – 16.00 20 NNE 
16.00 – 17.00 22 NNE 
Table 3-7.  Winter sampling wind direction from Flinders View weather station (2013) 
available from Department of Environmental and Heritage Protection/Management and 
regulation/Air quality (http://www.ehp.qld.gov.au). 
 
Distance Sampling 
Start/End time 
(24 HR & Total 
time) 
Relative 
Humidity 
(% RH) 
Temperature 
(oC) 
Median 
Wind 
Velocity 
Wind State 
 
Background 
(-0. km) 
9.40 – 10.20 
(30 min) 
35.9 ± 3 30.8 ± 1.2 1.2 Light Air 
Control 
 
10.45 – 11.20 
(35 min) 
40.5 ± 3 30.4 ± 1.2 4.1 Gentle 
Breeze 
0.15 km 
 
10.45 – 11.50 
(65 min) 
39.8 ± 3 30.3 ± 1.2 3.6 Gentle 
Breeze 
0.25 km 
 
12.00 - 12.25 
(25 min) 
29.4 ± 3 31.8 ± 1.2 1.9 Light Breeze 
0.5 km 
 
12.30 – 13.00 
(30 min0 
20.9 ± 3 32.9 ± 1.2 1.1 Light Air 
1 km 
 
13.05 – 13.40 
(35 min) 
15 ± 3 33.2 ± 1.2 2.4 Light Breeze 
2 km 
 
13.45 – 14.20 
(35 min) 
14 ± 3 34.1 ± 1.2 0.7 Light Air 
Table 3-8. Spring meteorological sampling data from Wood Mulching Industries (WMI) 
during bioaerosol sampling events (2013). 
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Figure 3-4. Spring wind rosette from Flinders View weather station (2013) available from 
Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
 
Time of Day 
(24 HR) 
1 Hr Average 
(Degree o ) 
Wind Direction 
9.00 -10.00 284 WNW 
10.00 – 11.00 299 WNW 
11.00 – 12.00 276 W 
12.00 – 13.00 274 W 
13.00 – 14.00 271 W 
14.00 – 15.00 301 WNW 
15.00 – 16.00 339 NNW 
Table 3-9. Spring sampling wind direction Flinders View weather station (2013) available 
from Department of Environmental and Heritage Protection/Management and regulation/Air 
quality (http://www.ehp.qld.gov.au). 
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Appendix IV 
Statistical Analysis 
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control  
(0 km) 
 
0.023 
 
0.017 n/a 
 
0.232 
0.1 km 0.014 0.007 0.103 0.008
0.25 km 0.058 0.191 0.048 0.020
0.4-0.5 km 0.027 0.054 0.004 0.011
0.9-1.25 km 0.114 0.106 0.126 0.007
2-3 km 0.162 0.053 0.215 0.232
Table 4-1. Comparative Thermoactinomycetes p-values from NuGrow Landscape Mixes 
(NLM) seasonally (2013), those in bold are significant (p < 0.05).  
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.023 
 
0.272 n/a 
 
n/a 
0.1 km 0.045 0.5 0.228 0.127
0.25 km 0.158 0.055 0.019 0.002
0.4-0.5 km 0.036 0.173 0.114 0.272
0.9-1.25 km 0.261 0.045 0.086 0.005
2-3 km 0.385 0.5 0.106 0.043
Table 4-2. Comparative A. fumigatus p-values from NuGrow Landscape Mixes (NLM) 
seasonally (2013), those in bold are significant (p < 0.05). 
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Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.002 0.278 n/a 
 
n/a 
0.1 km 0.004 0.02 0.278 9.1549E‐05
0.25 km 0.122 0.077 0.02 0.011
0.4-0.5 km 0.102 0.064 0.077 0.103
0.9-1.25 km 0.021 0.062 0.064 0.086
2-3 km 0.268 0.053 0.062 0.267
Table 4-3. Comparative total bacteria p-values from NuGrow Landscape Mixes (NLM) 
seasonally (2013), those in bold are significant (p < 0.05). 
 
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.171 0.180 n/a 
 
n/a 
0.1 km 0.007 0.466 0.006 0.0004
0.25 km 0.017 0.135 0.007 0.19
0.4-0.5 km 0.398 0.033 0.154 0.105
0.9-1.25 km 0.007 0.036 0.187 0.115
2-3 km 0.333 0.052 0.07 0.104
Table 4-4. Comparative total coliforms p-values from NuGrow Landscape Mixes (NLM) 
seasonally (2013), those in bold are significant (p < 0.05). 
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.119 
 
0.002 n/a 
 
n/a 
0.1 km 0.391 0.209 0.007 0.093
0.25 km 0.042 0.458 0.022 0.045
0.4-0.5 km 0.112 0.173 0.002 0.003
0.9-1.25 km 0.222 0.150 0.033 0.031
2-3 km 0.387 0.115 0.109 0.061
Table 4-5. Comparative total fungi p-values from NuGrow Landscape Mixes (NLM) 
seasonally (2013), those in bold are significant (p < 0.05). 
 
 
 154 
 
 
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control  
(0 km) 0.466 0.441 
 
n/a 0.012 
0.1-0.15 km 0.186 0.254 0.097 0.018
0.25 km 0.317 0.049 0.001 0.032
0.5 km 0.203 n/a 0.012 0.091
1-1.1 km 0.011 0.037 0.045 0.036
2-3.6 km 0.146 0.036 0.161 0.269
Table 4-6. Comparative Thermoactinomycetes p-values from Wood Mulching Industries 
(WMI) seasonally (2013), those in bold are significant (p < 0.05). 
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.003 
 
0.093 
 
n/a 
 
0.179 
0.1-0.15 km 0.053 0.182 0.144 0.333
0.25 km 0.173 0.230 0.011 0.007
0.5 km 0.071 n/a 0.5 0.028
1-1.1 km 0.173 0.104 0.197 0.029
2-3.6 km 0.0379 0.104 0.5 0.079
Table 4-7. Comparative A. fumigatus p-values from Wood Mulching Industries (WMI) 
seasonally (2013), those in bold are significant (p < 0.05). 
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.161 
 
0.098 n/a 
 
1.892E‐07 
0.1-0.15 km 0.001 0.027 0.031 0.014
0.25 km 0.239 0.001 0.138 0.025
0.5 km 0.043 n/a 0.194 0.009
1-1.1 km 0.092 2.965E‐06 0.197 0.102
2-3.6 km 0.079 2.196E‐05 0.111 0.051
Table 4-8. Comparative total bacteria p-values from Wood Mulching Industries (WMI) 
seasonally (2013), those in bold are significant (p < 0.05). 
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Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.394 
 
0.158 n/a 
 
0.018 
0.1-0.15 km 0.295 0.357 0.059 0.003
0.25 km 0.081 0.173 0.003 0.0003
0.5 km 0.064 n/a 0.009 0.005
1-1.1 km 0.0784 0.364 0.175 0.263
2-3.6 km 0.0324 0.027 0.023 0.017
Table 4-9. Comparative total coliforms p-values from Wood Mulching Industries (WMI) 
seasonally (2013), those in bold are significant (p < 0.05). 
 
Distance Background 
(Summer) 
Background 
(Autumn) 
Background 
(Winter) 
Background 
(Spring) 
Control 
(0 km) 
 
0.355 
 
0.145 n/a 
 
0.135 
0.1-0.15 km 0.092 0.202 0.106 0.017
0.25 km 0.326 0.478 0.008 0.0001
0.5 km 0.164 n/a 0.022 0.068
1-1.1 km 0.108 0.126 0.027 0.015
2-3.6 km 0.001 0.006 0.106 0.018
Table 4-10. Comparative total fungi p-values from Wood Mulching Industries (WMI) 
seasonally (2013), those in bold are significant (p < 0.05).  
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Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD  RSD Uo Mean SD  RSD Uo Mean SD RSD Uo 
Backgroun
d  10 9 90 ± 176 72 61 85 ± 166 16 21 
131 ± 257 
244 147 60 ± 118 
 0 km 340 311 91 ± 179 288 269 94 ± 183 365 276 76 ± 148 364 450 124 ± 242 
0.1 km 300 244 81 ± 159 414 234 57 ± 111 110 152 138 ± 271 430 522 121 ± 238 
0.25 km 62 66 106 ± 209 110 68 62 ± 122 242 268 111 ± 217 42 26 62 ± 121 
0.5 km 71 60 85 ± 166 17 30 176 ± 345 390 232 59 ± 117 66 69 105 ± 205 
1 km 33 38 115 ± 226 34 14 41 ± 80 44 46 105 ± 205 48 52 108 ± 212 
≈ 2 km 27 35 130 ± 254 21 15 70 ± 138 8 6 71 ± 140 36 28 78 ± 152 
Table 4-11. Seasonal statistical data for Thermoactinomycetes from NuGrow Landscape Mixes (NLM) (2013). Mean (n =5), standard deviation 
(SD) and overall uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded 
indicate those less than 100%, Uo cells shaded indicate those that are less than mean. 
Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD  RSD Uo Mean SD  RSD Uo Mean SD RSD Uo 
Background (< 0.3 
km) 10 10 100 ±196 2 4 223 ±438 10 7 70 ±137 2 4 200 ±392 
Control 
(0 km) 218 197 90 ±177 4 5 137 ±268 344 314 91 ±179 105 92 88 ±172 
0.1 km 108 113 104 ±205 2 4 224 ±438 2 9 450 ±882 16 25 156 ±306 
0.25 km 19 15 78 ±155 24 27 113 ±221 2494 2252 90 ±177 74 39 53 ±103 
0.5 km 22 8 36 ±71 1 0 0 0 23 21 91 ±179 4 5 125 ±245 
1 km 6 9 150 ±294 22 23 104 ±203 4 5 125 ±245 26 15 58 ±113 
≈ 2 km 8 11 137 ±270 2 4 224 ±438 32 36 112.5 ±221 30 32 107 ±209 
Table 4-12. Seasonal statistical data for A. fumigatus from NuGrow Landscape Mixes (NLM) (2013). Mean (n =5), standard deviation (SD) and 
overall uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate 
those less than 100%, Uo cells shaded indicate those that are less than mean. 
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Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo 
Background 1478 998 68  ±132 5626 6801 121 ±237 450 257 57 ±112 480 257 54 ±105 
0 km 10844 4977 46 ±90 9232 11231 122 ±238 6582 4957 75 ±148 9807 8390 86 ±168 
0.1 km 10528 5684 54 ±106 13070 0 0 ±0 22732 7620 34 ±66 22732 7620 34 ±66 
0.25 km 5442 6963 128 ±251 820 511 62 ±122 14676 11109 76 ±148 14676 11109 76 ±148 
0.5 km 792 484 61 ±120 468 133 28 ±55 3720 5246 141 ±276 3720 5246 141 ±276 
1 km 616 326 53 ±103 478 131 27 ±54 3948.2 5168 131 ±257 3948 5168 131 ±257 
≈ 2 km 2018 1584 78 ±154 102 47 46 ±91 390 173 44 ±87 390 173 44 ±87 
Table 4-13. Seasonal statistical data for total bacteria from NuGrow Landscape Mixes (NLM) (2013). Mean (n =5), standard deviation (SD) and 
overall uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate 
those less than 100%, Uo cells shaded indicate those that are less than mean. 
Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD  RSD Uo Mean SD  RSD Uo Mean SD RSD Uo 
Backgroun
d 9  7  78  ±152  338  318  94  ±184  36  25  69  ±136  1724  2715  157  ±308 
0 km 4  9  225  ±441  2828  5731  203  ±397  2500  2111  84  ±166  7120  4089  57  ±112 
0.1 km 0  0  0  ±0  356  317  89  ±175  522  332  64  ±125  11564  3368  29  ±57 
0.25 km 1  2  200  ±392  162  96  60  ±117  274  167  61  ±119  584  373  64  ±125 
0.5 km 12  24  200  ±392  35  26  76  ±148  1429  2855  200  ±392  67  40  60  ±118 
1 km 0  0  0  0  42  22  52  ±103  54  35  65  ±127  148  92  62  ±122 
≈ 2 km 12  14  117  ±229  77  23  29  ±57  16  11  69  ±135  61  15  25  ±48 
Table 4-14. Seasonal statistical data for total coliforms from NuGrow Landscape Mixes (NLM) (2013). Mean (n =5), standard deviation (SD) 
and overall uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded 
indicate those less than 100%, Uo cells shaded indicate those that are less than mean. 
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Summer Autumn Winter Spring 
Distance 
Mea
n SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo 
Background 2175 2925 134 ±264 566 251 44 ±87 568 83 15 ±29 182 37 20 ±40 
0 km 494 279 56 ±111 88 68 77 ±151 822 1139 139 ±272 519 282 54 ±106 
0.1 km 2988 5436 182 ±357 792 536 68 ±133 234 222 95 ±186 108 108 100 ±196 
0.25 km 414 104 25 ±49 582 211 36 ±71 7972 6981 88 ±172 118 64 54 ±106 
0.5 km 446 180 40 ±79 416 221 53 ±104 228 163 71 ±140 1072 538 50 ±98 
1 km 1112 285 26 ±50 358 198 55 ±108 556 292 53 ±103 244 51 21 ±41 
≈ 2 km 1774 676 38 ±75 412 85 21 ±40 444 190 43 ±84 5516 6899 125 ±245 
Table 4-15. Basic statistical data for total fungi from NuGrow Landscape Mixes (NLM) (2013). Mean (n =5), standard deviation (SD) and overall 
uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate those less than 
100%, Uo cells shaded indicate those that are less than mean. 
Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo 
Background 714  1402  196  ±385  200  321  106  ±208  10  12  122  ±239  10  10  100  ±196 
0 km 1402  627  136  ±267  304  252  91  ±178  1905  2439  128  ±251  2402  1916  80  ±157 
0.1 km 627  2120  202  ±395  276  97  35  ±68  410  631  154  ±302  1138  1001  88  ±172 
0.25 km 2120  100  180  ±353  34  27  80  ±157  1310  635  49  ±96  420  428  102  ±200 
0.5 km 100  40  46  ±90  n/a  n/a  n/a  n/a  502  397  79  ±155  92  95  103  ±202 
1 km 40  150  84  ±165  8  8.4  105  ±206  50  45  40  ±78  72  29  40  ±78 
≈ 2 km 150  830  196  ±384  10  4.5  100  ±196  17  8  49  ±96  14  10  69  ±135 
Table 4-16.  Basic statistical data for Thermoactinomycetes from Wood Mulching Industries (WMI) (2013). Mean (n =5), standard deviation (SD) and 
overall uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate those less 
than 100%, Uo cells shaded indicate those that are less than mean. 
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Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo 
Backgroun
d 0 0 0 0 8 13 163 ±319 6 9 149 ±292 2 4 224 ±439 
0 km 108 65 60 ±118 18 8 46 ±90 14 7 48 ±94 8 13 163 ±319 
0.1 km 150 184 224 ±439 18 19 106 ±208 116 215 186 ±365 4 9 224 ±439 
0.25 km 21 45 137 ±269 14 11 81 ±159 70 50 71 ±139 48 33 68 ±133 
0.5 km 84 115 224 ±439 n/a n/a n/a n/a 6 5 91 ±178 36 34 93 ±182 
1 km 43 93 110 ±0 0 0 0 0 2 4 100 ±196 24 22 91 ±178 
≈ 2 km 148 162 109 ±215 0 0 0 0 6 9 149 ±292 20 25 127 ±249 
Table 4-17. Basic statistical data for A. fumigatus from Wood Mulching Industries (WMI) (2013). Mean (n =5), standard deviation (SD) and overall 
uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate those less than 
100%, Uo cells shaded indicate those that are less than mean. 
Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo 
Background 1640 774 47 ±93 874 120 14 ±27 910 660 73 ±142 347 94 27 ±53 
0 km 775 346 45 ±88 7808 10974 141 ±275 8069 6290 78 ±153 24532 3596 15 ±29 
0.1 km 346 2820 814 ±1596 10316 9389 91 ±178 10880 10295 95 ±185 23992 4803 20 ±39 
0.25 km 2820 26140 927 ±1817 454 188 41 ±81 6628 10917 165 ±323 9960 9316 94 ±183 
0.5 km 26140 1200 5 ±9 n/a n/a n/a n/a 3188 5534 174 ±340 804 329 41 ±80 
1 km 1200 2880 240 ±470 194 81 42 ±82 640 126 20 ±39 250 126 50 ±99 
≈ 2 km 2880 840 29 ±57 232 133 57 ±112 492 248 50 ±99 588 56 10 ±19 
Table 4-18. Basic statistical data for total bacteria from Wood Mulching Industries (WMI) (2013). Mean (n =5), standard deviation (SD) and overall 
uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate those less than 
100%, Uo cells shaded indicate those that are less than mean. 
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Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo 
Backgroun
d 110 94 85 ±167 124 82 66 ±130 70 33 47 ±92 51 29 57 ±111 
0 km 94 42 45 ±88 2860 5709 200 ±391 3234 1950 60 ±118 6682 5944 89 ±174 
0.1 km 42 80 190 ±373 98 130 133 ±260 1788 2192 123 ±240 8006 4738 59 ±116 
0.25 km 80 70 88 ±172 2714 5790 213 ±418 540 285 53 ±103 3678 1525 41 ±81 
0.5 km 70 280 400 ±784 n/a n/a n/a n/a 224 110 49 ±96 352 201 57 ±112 
1 km 280 0 0 0 100 123 123 ±241 50 30 60 ±118 65 37 57 ±112 
≈ 2 km 0 30 0 0 38 22 58 ±113 33 12 36 ±71 132 64 48 ±95 
Table 4-19. Basic statistical data for total coliforms from Wood Mulching Industries (WMI) (2013). Mean (n =5), standard deviation (SD) and overall 
uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate those less than 
100%, Uo cells shaded indicate those that are less than mean. 
Summer Autumn Winter Spring 
Distance Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo Mean SD RSD Uo 
Backgroun
d 226 136 60 ±118 634 185 29 ±57 604 284 47 ±92 14 11 79 ±154 
0 km 136 61 45 ±88 488 221 45 ±89 5949 12926 217 ±426 28 24 86 ±168 
0.1 km 60 200 333 ±653 498 291 58 ±115 186 264 142 ±278 14 15 107 ±210 
0.25 km 200 480 240 ±470 640 151 24 ±46 424 86 20 ±40 86 23 27 ±52 
0.5 km 480 90 19 ±37 n/a n/a n/a n/a 188 113 60 ±118 46 41 89 ±175 
1 km 90 170 189 ±370 970 579 60 ±117 294 71 24 ±47 58 36 62 ±122 
≈ 2 km 170 370 218 ±427 1123 291 26 ±51 310 70 23 ±44 68 47 69 ±135 
Table 4-20. Basic statistical data for total fungi from Wood Mulching Industries (WMI) (2013). Mean (n =5), standard deviation (SD) and 
overall uncertainty (Uo) results expressed as CFU/m3 with relative standard deviations (RSD) as a percentage (%). RSD cells shaded indicate 
those less than 100%, Uo cells shaded indicate those that are less than mean.   
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Appendix V 
Recommended Standard Operational Procedure for Monitoring 
Bioaerosols at Industrial Green Waste Composting Facilities 
 The following recommendation is based on baseline bioaerosol data collected from 
two industrial green waste composting facilities, NuGrow Landscape Mixes and Wood 
Mulching Industries in 2012.  
Bioaerosol Indicators 
Thermoactinomycetes and A. fumigatus are effective compost bioaerosol indicators due to: 
 Higher concentrations at composting facilities compared to background values. 
 Potential pathogenicity/allergenicity. 
Apparatus 
 SAS Super 100 (100 L/min) (sampling head autoclaved 121oC for 25 min prior to 
sampling) 
 Tripod ( 1.5 m high) 
 Portable hand held multimeter (e.g. Lutron LM-8000) 
 Hand held or other GPS (e.g. Magellan eXplorist 100 or equivalent) 
 70% isopropyl alcohol wipes 
 Sterile disposable 90 mm Petri dishes 
 Two incubators: 55 ± 2oC & 30 ± 2oC  
 Storage esky 
 Plastic wrap/bags 
 Field data-logging sheet (Appendix I, Table 1-1)  
Culture Media 
 Dichloran rose Bengal chloramphenicol (DRBC) 
 Trypticase Soy Agar + 25 μg/ml novobiocin (TSA+N) 
Note: 
Thermoactinomycetes are resistance to 25 μg/ml novobiocin and are thermotolerant.  
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Sampling procedure 
Recommended standard operating procedure includes:  
 Bioaerosol indicators A. fumigatus and Thermoactinomycetes  
 Monitoring at the predetermined distances: 
o Background (upwind < 0.3 km from positive control) 
o Control (> 0.1 km downwind of area of high operational activity)  
o 0.5 km (downwind of control) 
o 1 km (downwind of control) 
o ≈ 2 km (downwind of control to nearest residential area) 
 Period of sampling to include no less than two sampling days per season over a period 
of 12 mos. 
Bioaerosol indicators are collected using SAS Super 100 (100 L/min) tripod mounted and 
positioned at a height of 1.5 m at the predetermined distances above. No less than 1 h after 
dew point. With sampling head faced directly upwind towards respective composting facility. 
The following recommended sample volumes (L/min) for each indicator organism at distance 
are illustrated in Table 6.1. Between each sampling distance internal and external face of the 
sampler head should be disinfected using 70% isopropyl alcohol wipes. Sample testing for 
each indictor to be n = 3. Sampling data recorded on field-logging sheet in conjunction with 
bioaerosol collection at each distance should include: 
 Compositing facility, season and date of sampling 
 Meteorological data (Temperature, relative humidity, wind speed and direction) 
 Any observations that may have an effect on results during the course of sampling 
(e.g. truck dust). 
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 A. fumigatus Thermoactinomycetes 
Volume (L/min) LOD 
(CFU/m3) 
Volume 
(L/min) 
LOD 
(CFU/m3) 
Background 100 10 200 5 
Control 100 10 100 10 
0.25 km 100 10 100 10 
0.5 km  100 10 200 5 
1 km 100 10 200 5 
≈ 2 km 100 10 200 5 
Table 6-1. Recommended sampling volumes for each bioaerosol indicator with LOD’s for 
Swanbank industrial green waste composting facilities. 
Sample analysis 
Following collection, samples should be stacked, plastic wrapped and inverted for transport 
and incubation. Samples should be received and incubated > 12 hr from time of collection to 
start of incubation. If this is not possible, samples should be stored at 4oC until incubation.   
On return to the laboratory the following media should be incubated at: 
 55 ± 2oC (TSA+N) 
 30 ± 2oC (DRBC) 
After 3 days incubations all colonies capable of growing are visually enumerated, these 
include:  
 Only visible distinct white powdery flat or ridged colonies with entire/filamentous 
margins on TSA+N (Thermoactinomycetes).  
 Only dark green mycelia, velvety to floccose in texture with pink/red shades on 
reverse of DRBC (A. fumigatus). 
Confirmation of A. fumigatus requires microscopic examination of the conidial heads (typical 
columnar, uniseriate) and conidiophores (smooth-walled, uncoloured and > 300 µm long). 
Preparation of slides should be performed in a biohazard cabinet, to decrease the possibility 
of inhalation and exposure. 
Results and Interpretation of results 
When all enumeration counts are adjusted using the correction table for a SAS 219-hole 
colony head impaction sampler from SAS Super 100TM Instruction Manual (2001). Final 
results are reported as colony forming units CFU/m3 using the following calculation: 
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Total CFU/m3
 
air sampled = c/d CFU/m3
 
air 
Flow rate = a L/min 
Sampler running time = b min 
Volume of air sampled = a x b L = ab/1000 m3 = d m3 
Bacterial or mould count = c CFU  
Total CFU/ m3 air sampled = c/d CFU/m3 air 
Figure 6-1. Calculation of colony forming units CFU/m3 
 
 Results should be analysed and recorded and communicated upon where the 
suggested TLV’s limits are exceeded (500 CFU/m3 for A. fumigatus and 1000 CFU/m3 for 
Thermoactinomycetes).  Plotting data as means at 95% confidence intervals (CI). Overall 
uncertainties (Uo) at 95% confidence intervals for previous results can be found in Appendix 
IV (Tables 4-11 – 4-20). 
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